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ABSTRACT OF DISSERTATION 
 
 
 
 
USE OF IN-SITU FISH POPULATIONS FOR BIOMONITORING 
POLYCHLORINATED BIPHENYL AND METAL POLLUTION IN MODERATELY 
IMPACTED FRESHWATER STREAMS 
 
Water, sediments, floodplain soils, and fish from Big and Little Bayou creeks 
were assessed for polychlorinated biphenyls (PCBs) and metals in 1987-2005. The 
streams were impacted by effluents from the Paducah Gaseous Diffusion Plant (PGDP). 
PCBs were rarely detected in water samples. Aroclor 1248 detections in sediments and 
floodplains were sporadic, but 1254 and 1260 were consistent. Seasonal variations were 
only observed for Aroclor 1248. Detection of PCBs in floodplains indicated recent influx 
of contaminated sediments. Species-specific PCB residues patterns were studied for 
Lepomis cyanellus, L. megalotis, L. macrochirus, and Campostoma anomalum. Highest 
PCB concentrations were found in stoneroller minnows. PCBs decreased over time in 
sunfish species, but retained a baseline level. No relationships were found between 
sunfish age and PCB concentrations. At low PCB levels, green sunfish body burden (BB) 
did not correlate with lipid content. A certain PCB concentration must be exceeded 
before PCB BB correlates with lipid content. Stream flows differed by season, and fish 
PCB BB differed by season, but stream flow did not correlate with fish BB. Congener 
groups corresponded to Aroclor concentrations. Higher chlorinated biphenyls peaked in 
the spring for sport fish. PCBs remobilized in the spring resulted in higher summer BB 
for the stoneroller minnows, whereas sunfish eliminated PCBs by summer. This 
variability was due to the sunfish’s ability to regulate PCBs. Metal concentrations did not 
display the seasonal variability evident in the PCB data. Water metals may have peaked 
 during storm events and decreased rapidly. Water Pb increased with time, but the source 
could not determined. Zinc in Little Bayou creek likely originated from the PGDP. 
Except for Cu and Zn, stoneroller minnow metal BB decreased with time. Metal BB were 
used to determine bioavailable fractions. Less than half of the water column Cd, Cr, Fe, 
and Pb in impacted areas were bioavailable to stoneroller minnows, whereas 59% of Ag, 
73% of Cu, and 64% of Zn were bioavailable. Cumulative criterion units were calculated 
to determine additive metal impacts, and proved useful in locating sectors with possible 
ecological impact. In-situ monitors proved valuable in studying PCB and metal behavior 
under real-world conditions. 
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 Chapter 1: Introduction 
1.1 Biomonitoring 
Cairns and van der Schalie (1) elegantly stated that “the essence of the entire field 
of biological monitoring is that one cannot protect the health, condition, or quality of a 
natural system without obtaining information directly about the condition of that system 
and the organisms that inhabit it”. Beeby (2) indicated that the use of biological monitors 
or sentinel species has a long history and offers solutions to measuring bioavailability and 
summarizing complex patterns of contamination. The combined use of biomonitors and 
chemical-physical monitoring is crucial in the assessment of human and environmental 
health impacted by contaminants (1,3). Using fish, shellfish, and other wildlife species in 
coordinated environmental monitoring programs can be valuable, cost-effective 
mechanisms for assessing the bioavailability of environmental contaminants (4).  
Powers (5) stated that fish are the oldest and most diverse vertebrates and 
therefore research with fishes provides a conceptual framework and evolutionary 
reference point for other vertebrate studies. Biomonitoring with fish is valuable to aquatic 
risk assessment since (A) fish are known to the public, (B) they can have both prey and 
predators, (C) sampling can be accomplished with simple equipment, (D) they are large 
enough to be analyzed for contaminants, (E) fish can increase the ability to detect 
contaminants that bioaccumulate in the food chain, (F) they are exposed to contaminants 
via several routes of exposure, and (G) they are relevant to both commercial and 
recreational anglers (6,7). The use of indigenous species offers the advantage of having 
the organisms exposed to multiple contaminants potentially over their lifetimes (3,4). 
A difficult aspect of risk assessment is the accurate determination of the 
bioavailable fraction(s) of analyzed concentrations of environmental contaminants. 
Preferably this includes all assimilative chemicals from different avenues of exposure. A 
pollutant can only be assimilated if its form allows the crossing of cellular membranes 
and this fraction is usually taken to be the bioavailable component (2). The bioavailability 
of chemicals is dependent on several factors including: biogeochemical processes, water 
quality parameters, uptake routes, dietary considerations, and tissue interactions (8-10). 
Biomonitoring with in-situ sentinel fish populations allows (A) for the localization of 
patterns and degrees of contaminants, (B) all routes of exposure to be included, (C) the 
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 distinction between bioavailable and non-bioavailable chemicals, and (D) the 
determination of accurate exposure scenarios. 
 
1.2 Polychlorinated biphenyls (PCBs) 
 Polychlorinated biphenyls (PCBs) are non-polar, chlorinated hydrocarbons with a 
biphenyl nucleus. The biphenyls may have from one to 10 of the hydrogens replaced by 
chlorine to create a possible 209 combinations or congeners. Subdividing PCBs into 
degrees of chlorination results in 10 groups or homologs. PCBs of a specific homolog 
group with different chlorine substitutions, but the same molecular weight, are called 
isomers; there are one to 46 possible PCB isomers. Commercial PCBs were 
manufactured and sold as complex mixtures containing multiple isomers at different 
degrees of chlorination (11). PCBs in the United States were produced by the Monsanto 
Chemical Company, St. Louis, MO, for a wide range of applications including: 
dielectrics in transformers and capacitors, cooling fluids in hydraulic systems, adhesives, 
flame retardants, lubricating and cutting oils, pesticide additives, paints, plasticizers, and 
sealants (11-13). PCBs were produced from 1929 through 1970, after which production 
declined due to regulatory restrictions. Most global PCB production was banned after 
January 1978. 
 PCB mixtures manufactured by Monsanto Chemical Company were sold under 
the registered trademark of Aroclor and a numerical designation, such as Aroclor 1254. 
The last two numbers of the designation represent the nominal percent chlorination. For 
example, Aroclor 1254 contains 54% chlorine by weight, with 54% penta-chlorobiphenyl 
(penta-CB). The exception is Aroclor 1016, which has a similar formulation to Aroclor 
1242, except that penta-CB and hexa-CB have been removed. A variety of trade names 
and designations, tabulated by Erickson (11), were created by PCB manufacturers in 
different nations. Aroclor mixtures mainly contained the percent chlorination in their 
designation, however, the formulations also contained other PCB homologs. In example, 
Aroclor 1248 is composed of 1% di-CB, 22% tri-CB, 49% tetra-CB, 27% penta-CB, and 
2% hexa-CB. PCBs released into the environment are usually composed of a variety of 
Aroclor mixtures. 
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  PCBs have high thermal stability, low vapor pressures, and are highly 
hydrophobic and lipophilic. PCBs with high chlorine content appear to resist biological 
and chemical degradation better than PCBs with lower chlorine content (14). Increasing 
chlorination in Aroclor mixtures decreases water solubility, but increases lipophilicity as 
determined by the octanol-water partition coefficient (Kow) (11). Erickson (11) indicated 
that reported log Kow values for PCB congeners ranged from 4.3 for 2-mono CB to 8.26 
for deca-CB. Niimi (15) indicated that reported log Kow values were 5.58 for Aroclor 
1242 and 5.58 for Aroclor 1254, and water solubilities were 277 µg/L and 43 µg/L, 
respectively. In addition, due to their persistence and lipophilicity, PCBs will 
bioaccumulate, bioconcentrate, and biomagnify in organisms up the food web (11,14,16). 
 Due to their hydrophobic nature, PCBs will partition from the water to the organic 
portion of solids (11). This partition between water and sediments or soils is linearly 
related to the organic content, predicted by the organic carbon partition coefficient (Koc), 
and increases with increasing hydrophobicity and amount of organic carbon in sediments 
(11,17,18). Such exchange between water and sediments plays an important role in the 
uptake of organic contaminants in organisms of aquatic food-chains (17,19). Transport of 
PCBs and other contaminants in streams and rivers can occur either by being dissolved in 
the water phase, adsorption to suspended sediments, or the contaminated bedload or bed 
sediments moving along the river bottom (20,21). As Bush et al. (22) and Sethanjintanin 
and Anderson (23) noted, resuspension of sediments during high rainfall events can 
increase PCB concentrations in the water. 
Toxic effects of PCBs have been extensively studied. General toxicological 
effects of PCBs, as reviewed by Safe (24), included lethality, reproductive toxicity, 
growth inhibition, porphyria, immuno toxicity, hepatotoxicity, endocrine effects, 
neurotoxicity, thymic atrophy, dermal toxicity, carcinogenicity, and enzyme induction. In 
addition, PCBs have been found to be endocrine disruptors that can alter thyroid function 
(25-27). Based on tumorgenic potency factors (TPFs), Silberhorn et al. (12) noted that 
Aroclor 1260 was approximately 13-fold more potent in producing both benign and 
malignant tumors than was Aroclor 1242. In addition, the authors indicated that PCB 
mixtures were effective tumor promoters in both rats and mice when given for extended 
periods after the administration of an initiating agent. According to Niimi (15), PCB 
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 concentrations in natural waters and indigenous aquatic organisms were not likely to be 
acutely toxic, since ambient concentrations were often 10- to 100-fold lower than lethal 
concentrations found in laboratory studies. The author also indicated that fish PCB tissue 
concentrations of >50 to 100 mg/kg may be required to adversely affect growth and 
reproduction. 
 Due to their persistence, global distribution, human health concerns, and adverse 
environmental impacts PCBs are a important group of pollutants within the United States 
(13). Environmental regulation of PCBs falls under several Federal and State laws. These 
laws include the Toxic Substance Control Act (TSCA), the Comprehensive 
Environmental Response, Compensation and Liability Act (CERCLA), the Superfund 
Amendment and Reauthorization Act (SARA), the Hazardous Materials Transportation 
Act (HMTA), the Clean Water Act (CWA), the Safe Drinking Water Act (SDWA), the 
Food, Drug, and Cosmetic Act (FDCA), and the Clean Air Act (CAA). In addition State 
laws may be applicable and can be more stringent than Federal requirements. Under the 
TSCA, cleanup levels required by the U.S. EPA range from 25 to 50 ppm in soils. 
Protection of surface and drinking waters fall under the CWA and the SDWA. As per the 
SDWA, the U.S. EPA established a maximum contaminant level (MCL) for PCBs in 
public drinking water at 0.5 ppb (11,28). In Kentucky, surface water quality is regulated 
by the Kentucky Administrative Regulations (401 KAR 5:031), which set the standards 
for PCBs in both domestic water supply and for protection of human health from 
consumption of fish at 0.000064 ppb (29). The KAR values represent a 10-6 risk of cancer 
over a lifetime (30). The Federal chronic criterion value to protect freshwater aquatic life 
is set at 0.014 ppb over 24 h average (30,31). However, the U.S EPA (30) indicated that 
this value is probably too high since it was based on bioconcentration factors measured in 
the laboratory. In Kentucky, a more conservative chronic criterion value has been 
established at 0.0014 ppb (29). No Federal acute criterion value has been established, but 
acute toxicity to aquatic organisms appears to occur at concentrations above 2.0 ppb (30). 
Consumption of PCB contaminated fish is regulated by the Food and Drug 
Administration (FDA) under the Code of Federal Regulations (21 CFR 109.30). The 
FDA mandates a tolerance level (also referred to as action levels) for PCBs in fish and 
shellfish (edible portions) of 2.0 ppm (32). In comparison, tolerance level range from 0.3 
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 ppm for poultry eggs through 3.0 ppm for poultry meat. These action levels are used by 
the U.S. EPA and the Department of Fish and Wildlife Resources to establish fish 
consumption advisories. In 2004, a total of 3,221 fish consumption advisories were 
issued in the United States, of which 873 were in place for PCBs (33). In Kentucky, 
attainment of the fishable goal of the CWA is assessed from fish consumption and 
aquatic life use. Kentucky revised its methodology for issuing fish consumption 
advisories in 1998 to a risk-based approach presented in the Great Lakes Initiative (34-
36). This approach implements more conservative standards than the FDA action levels 
and sets the PCBs standard at 0.05 mg/kg. The state of Kentucky has 13 major drainage 
areas that encompass 143,925.2 km (89,431 mi.) of streams and rivers (37). Fish 
consumption advisories for PCBs have been issued for four streams in Kentucky, totaling 
201 km (124.9 mi.) (35,38). Of particular importance to this study, the Kentucky 
Department for Environmental Protection issued a fish consumption advisory in 1989 for 
Little Bayou creek to encompass 10.5 km (6.5 mi.) of the stream. 
 
1.3 Metals Investigated 
Nine metals of concern investigated included silver (Ag), beryllium (Be), 
cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), and zinc 
(Zn). These metals are toxic and were significant to the study area because of their use by 
the Paducah Gaseous Diffusion Plant (PGDP) during their operations. As examples, Ag 
originated from photographic processing, Be may have been released during historic 
smelter operations at the PGDP, chromium was historically used at the PGDP as an anti-
corrosive agent and chromated water spills drained into effluents, and zinc-based paints 
were used to repaint uranium hexafluoride transport cylinders (39). 
 In aquatic organisms, exposed to acute metal concentrations, the gills are the 
principal site of toxicity (40-42). Silver, cadmium, copper, and zinc exert their effects by 
binding to anionic sites on or in the gills and the free metal cations appear to be the toxic 
metal species (42). Links between metal tissue residues and chronic toxicity are not well 
understood and the specific mechanisms of chronic toxicity are not known (42). The 
hexavalent form of chromium will pass readily through the gill membrane and 
accumulate in various tissues, thus eliciting toxic effects internally and away from the 
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 gills (43). In addition, Farag et al. (44) observed physiological changes in rainbow trout 
(Oncorhynchus mykiss) due to exposure to cadmium, copper, lead, selenium, and zinc. 
 Although significant metal toxicity occurs at the gills, dietary uptake of metals is 
also an important route of exposure to aquatic organisms (42,45-47). Most metals 
entering the aquatic environment will be absorbed to sediments and suspended particles, 
but a fraction will remain in the water column (48). Sediment metal concentrations are 
usually 3 to 5 orders of magnitude higher than those of the overlying water column, 
which makes the bioavailability of even a small fraction of the total sediment metal of 
considerable importance (49). In addition, metal uptake can result from ingestion of 
contaminated sediments by benthic organisms. Metal bioavailability is affected by a 
variety of factors, including pH, inorganic ligands (i.e. Cl-, HCO3-, dissolved organic 
carbon, colloid organics, and S-2), ionic strength, competing cations, and acid volatile 
sulfides (8,47,49,50). 
Meyer (10) indicated that total metal concentrations are not constant predictors of 
the toxicity of metals to aquatic biota. In general, metal concentrations (total or 
dissolved) in water are not good predictors of impacts to aquatic organisms. 
Determination of bioavailable metals, based on in-situ fish body burden, provides a more 
realistic scenario of metal interactions in aquatic systems. For this study, concentrations 
of bioavailable fractions were determined based on water column metal concentrations 
and tissue body burden. In this study, I defined the bioavailable fraction as that metal 
concentration which is assimilated by the aquatic organism and can therefore result in 
detrimental effects. 
 
 1.3.1 Silver 
 Silver (Ag) occurs naturally as a silver ore associated with gold and copper 
deposits and was one of the first metals used by humans (51,52). The average earth’s 
crust concentration of Ag ranges between 0.05 to 1.0 µg/g (53,54). The main industrial 
use is as a silver halide in photographic emulsions due to its light sensitivity (52). Silver 
and silver complexes are also used for jewelry, coins, eating utensils, electronics, solders, 
mirrors, inedible inks, water disinfection, and medical and dental purposes (51,52,54,55). 
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 Silver forms only a +1 valence state, binding strongly to S- and I-containing ligands and 
binding weakly to N- and O-containing ligands (53).  
 In aquatic systems, Ag in the water column is found at low levels (i.e. <100 ng/L) 
with the majority attributed to effluent influxes from sewage treatment plants, therefore 
low natural background levels make Ag useful as a tracer for contamination (53). The 
residence time of Ag in water is short and it is rapidly incorporated into sediments, 
however, resuspension of sediments will continuously resuspend Ag into the water 
column (53). Kramer et al. (53) presented a partial survey of Ag in aquatic sediments, 
which included Ag concentrations of 0.75 to 7.0 µg/g for streams, 0.04 to 5.1 µg/g for 
rivers, and 0.006 to 33.9 µg/g for estuaries. However, the authors indicated that these 
values were biased towards higher concentrations because the studies were intentionally 
conducted at contaminated sites. Even though background levels tend to be low, Ag is 
bioaccumulated by aquatic organisms. Terrestrial species are relatively insignificant 
targets for silver (Ag) toxicity under realistic environmental conditions, however, aquatic 
species are far more sensitive and far more likely to be exposed (56). 
 In humans, Ag compounds can be absorbed orally, by inhalation, or through 
damaged skin. Silver blood levels are 2.4 µg/L and tissue levels are 0.05 µg/g in the 
unexposed population (51). Prolonged exposure to high levels of Ag can result in arygria, 
a blue-gray discoloration of the skin and other organs caused by the impregnation of Ag 
in tissues where it remains as silver sulfide (51,55). In addition, Ag can affect the eye to 
the point where the lens and vision are disturbed. Respiratory uptake of Ag can result in 
breathing problems, lung and throat irritation, and chronic bronchitis (55). Oral uptake 
can cause gastrointestinal irritation, kidney and liver lesions, the possibility of 
arteriosclerosis, low male reproductive capacity, and immune system impairments 
(51,54). 
 The ionic form of silver (Ag+) is known to be highly toxic to aquatic organisms, 
so the U.S. EPA has established strict water quality criteria values (50,57,58). However, 
the U.S. EPA (59) has not established a National Primary Drinking Water Standard for 
silver, but has established a National Secondary Drinking Water Standard of 0.10 mg/L, 
which is a non-enforceable standard based on taste and odor. The U.S. EPA typically 
establishes two water quality criteria for the protection of aquatic organisms. According 
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 to the U.S. EPA (30,60,61), the acute water quality criteria, or criteria maximum 
concentration, is an estimate of the highest concentration of a material in surface water to 
which an aquatic community can be exposed briefly without resulting in an unacceptable 
effect, and the chronic water quality criteria, or criterion continuous concentration, is an 
estimate of the highest concentration of a material in surface water to which an aquatic 
community can be exposed indefinitely without resulting in an unacceptable effect. The 
U.S. EPA acute water quality criteria value for Ag is 3.2 µg/L (at a hardness of 100 ppm), 
however, EPA has not recommended a chronic water quality criteria value (61). 
Dissolved Ag concentrations from sewage treatment plant effluents range from 0.1 to 1.0 
µg/L (58). Hogstrand and Wood (50) noted that chronic toxicity can occur at 
concentrations ranging from 0.2 to 6.3 µg/L. The authors also indicated that acute 
toxicity values derived in the laboratory overestimate Ag toxicity in the field, due to the 
abundance of natural ligands (i.e. Cl-, dissolved organic carbon, colloid organics, and S-2) 
in surface waters that bind ionic Ag making it unavailable. 
 
 1.3.2 Beryllium 
 Beryllium (Be) is an uncommon alkaline earth metal of Group IIA with properties 
similar to Ag and magnesium. The natural forms of Be are bertrandite and beryl ores. 
Uses of Be include: jet brake pads, airplane components, semi-conductor chips, rocket 
covers, transistors, X-ray windows, nuclear reactors and heat shields, alloys in dental 
work, and prior to 1951 it was used in fluorescent lamps (51,62,63). The most important 
route of exposure to Be is inhalation. Beryllium enters the air as fine dust particles, 
emissions from burning coal and oil, natural processes, and tobacco smoke (63). Water 
contamination by Be can occur from industrial wastewaters, erosion from rocks and soil, 
and industrial Be dust settling over water, whereas soil contamination can be due to 
disposal of coal and incinerator ash and from industrial waste (63). 
 In humans, respiratory exposure to high levels of soluble Be can lead to acute 
beryllium disease, which resembles pneumonia (51). Chronic respiratory exposure to Be 
can result in chronic beryllium disease, also known as chronic grannulomatus disease or 
berylliosis, which is an antigen induced-cell mediated immune response  (51,63). In the 
lungs, white cells accumulate around the Be particle, leading to granulomas that will 
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 organize into small fibrous nodules resulting in the loss of functioning alveoli (51,62). 
The U.S. EPA determined that Be is a probable human carcinogen and estimated that 
lifetime exposure to 0.04 µg Be/m3 air can result in a one in 1,000 chance of developing 
cancer (63). The U.S. EPA restricted the amount of Be released into the air by industries 
to 0.01 µg Be/m3 air over 30 d (63).  
The National Primary Drinking Water Standard maximum contaminant level 
(MCL) for Be is 4 µg/L (59). The U.S. EPA (30) noted that acute and chronic Be 
toxicities to freshwater aquatic life occurs at concentrations as low as 130 and 5.3 µg/L, 
respectively. There are no acute or chronic National Recommended water quality criteria 
for Be (61). According to the U.S. EPA (30), in order to protect human health from 
potential carcinogenic effects of Be through ingestion of contaminated water and aquatic 
organisms, the ambient water Be concentration should be zero. Since this level may not 
be attainable, the levels that result in incremental increases of cancer risk over a lifespan 
are estimated at 10-5, 10-6, and 10-7, with corresponding criteria of 37, 3.7, and 0.37 ng 
Be/L. If the estimates are made for the consumption of aquatic organisms only, the 
criteria are 641, 64.1, and 6.41 ng Be/L, respectively (30). 
 
 1.3.3 Cadmium 
 Casarett et al. (51) indicated that cadmium (Cd) is considered a modern toxic 
metal since it was discovered in 1817 and industrial use was minor until 50 years ago. 
Cadmium is a rare natural element, mined in association with zinc, lead, and copper, that 
constitutes only 0.5 µg/g of the earth’s crust (54,64,65). Soils and rocks all over the world 
contain small concentrations of Cd (64,65). Due to its non-corrosive properties, Cd is 
used in batteries, electroplating or galvanizing, pigments for paints and plastics, as 
catalysts and preservatives in plastics (51,64,65). Cadmium enters the air from mining, 
industries, and burning of coal and household wastes (64). Harte et al. (65) noted that 
food contributes 80 to 90% of the Cd exposure in humans. Total daily intake of Cd from 
food, water, and air in North America and Europe ranges from 10 to 40 µg Cd/day, and 
foods such as meat, fish, and fruit contain 1 to 50 µg Cd/Kg (51). In addition, smoking is 
another source of Cd to humans (64,65). Cadmium enters aquatic systems from waste 
disposal and spills, leaks at hazardous waste sites, mining and smelting operations, and 
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 atmospheric scavenging of Cd particles (51,64,65). Some Cd can dissolve in water 
resulting in bioaccumulation of Cd in fish, plants, and animals (64). Harte et al. (65) 
indicated that Cd is not metabolized and can pass through the food chain unchanged, 
resulting in the potential for bioaccumulation. 
 Cadmium binds to red blood cells and high-molecular-weight plasma proteins, 
such as albumin, and it is distributed to the liver and kidney where it can cause renal 
toxicity (51). High levels of Cd affect calcium metabolisms and can result in “Itai-Itai” 
(ouch-ouch) disease which causes the bones to become brittle (51,65). Chronic Cd 
toxicity can lead to obstructive pulmonary disease, emphysema, chronic renal tubular 
disease, and effects on cardiovascular and skeletal systems (51). In addition, Cd is also an 
endocrine disruptor and it has been shown to mimic the effects of estradiol (66,67).  
 Typical concentrations for Cd in sediments range from 0.6 to 4.1 µg/g, and for 
freshwater from 0.1 to 36 µg/L (65).  The National Primary Drinking Water Standard 
MCL for Cd is 5 µg/L (59). According to the U.S. EPA (30), the bioconcentration factor 
(BCF) for Cd in freshwater ranges from 164 to 4,190 for invertebrates and from 3 to 
2,213 for fishes. The U.S. EPA acute water quality criteria value for Cd is 2.0 µg/L, 
while the chronic criteria value is 0.25 µg/L (61). 
 
 1.3.4 Chromium 
 Chromium (Cr) is a naturally occurring element found in rocks, animals, plants, 
soils, and volcanic dusts and gases (68). The main source of Cr is chromite ore (52). 
Chromium occurs in oxidation states from Cr+2 to Cr+6, with Cr+3 as the most common 
form and Cr+6 being used in industrial purposes (51). Only the trivalent (Cr+3) and 
hexavalent (Cr+6) forms are of biological significance, with Cr+6 being more toxic. Total 
Cr is expressed as both Cr+3 and Cr+6 combined. Trivalent Cr is an essential nutrient that 
serves as a component of the “glucose tolerance factor”, is thought to be a cofactor for 
insulin action, and helps the body use protein and fat (51,68). Biological systems 
transform Cr+6 into Cr+3 (51,65). The metal Cr is used for making steel, tri- and 
hexavalent forms are used for chrome plating, dyes and pigments, mordant dying, leather 
tanning, wood preservatives, and as anti-corrosives in cooling systems, boilers, and oil-
drilling mud (51,68). Chromium enters the air mostly as fine dust particles that settle over 
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 and water, where it strongly binds to soil particles (68). A controllable source of Cr into 
aquatic environments is the wastewater from chrome-plating and metal-finishing 
industries, textile plants, and tanneries (51).  
The average Cr concentration in human blood , without excessive exposure, 
ranges from 20 to 30 µg/L and is evenly distributed between erythrocytes and plasma 
(51). Typical daily adult intake of Cr is 0.03 to 0.1 mg of which 90% comes from food, 
whereas formula-fed infants receive 99% of their intake from water used to reconstitute 
their formula (65). Respiratory exposure of high levels of Cr can cause nose irritation, 
nose bleeds, ulcers and holes in the nasal septum, and dietary exposure of high levels of 
Cr can cause upset stomach and ulcers, convulsions, kidney and liver damage, and death 
(68). Hexavalent Cr had been determined to be a human carcinogen (51,68). 
 The Occupational Safety and Health Administration (OSHA) has set the levels at 
500 µg water soluble Cr+3/m3 air, 1,000 µg/m3 for metallic Cr, and 52 µg/m3 for Cr+6 per 
8 h shift over 40 h workweek (68). According to the U.S. EPA (30), in order to protect 
human health from potential toxic effects of Cr through ingestion of contaminated aquatic 
organisms only, the ambient water criterion was set at 3,433 mg/L in 1986. However, 
more stringent standards have been set since to the drinking water MCL. The U.S. EPA 
(59) has set the MCL for total Cr in drinking water at 100 µg/L. The U.S. EPA acute 
water quality criteria values are 570 µg/L and 16 µg/L for Cr+3 and Cr+6, respectively, 
whereas the chronic criteria values are 74 µg/L and 11 µg/L, respectively (61). The U.S. 
EPA (30) indicated that acute toxicity of Cr+6 decreases with increasing water hardness 
and pH. 
 
 1.3.5 Copper 
 Copper (Cu) is a metallic element known to humans since the Bronze age (52). 
Copper is a component of all living cells and widely distributed in nature, occurring in 
rocks, soil, water, and air (51,69). The major source of copper is chalcopyrite ore (52). 
Copper has a variety of uses and applications which include: the manufacturing of wires, 
pipes, sheet metal, coins; it is combined with other metals to make brass and bronze; 
agricultural uses; water treatment uses; and as preservatives for wood, leather and fabrics 
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 (69). Environmental releases of Cu can occur from mining, farming, manufacturing, 
wastewater, volcanic activity, airborne dust, decaying vegetation, and forest fires (69). 
The daily human intake of Cu in adults ranges between 0.9 to 2.2 mg/d, whereas 
in children it is estimated to range between 0.6 to 0.8 mg/d (51). The recommended daily 
allowance of Cu has been set at 900 µg Cu/d for people older than 8 years old (69). The 
normal Cu serum level is 120 to 145 µg/L, and most Cu is stored in the liver and bone 
marrow, where it may be bound to metallothionein (51). Respiratory exposure to high 
levels of Cu can result in nose, mouth, throat, and eye irritations. Ingestion of high levels 
of Cu can cause nausea, vomiting, stomach cramps, diarrhea, may lead to hepatic 
necrosis, and death (51,69). Copper has not been determined to cause cancer (51,69).  
In aquatic environments, Cu is extremely toxic to algae. Results presented by 
Sofyan (54) showed that the Cu inhibitory concentration that affects 50% of the 
population (IC50) of four algal species ranged from 26.6 to 72.5 µg/L. Marr et al. (70) 
indicated that several studies found that Cu tissue accumulation in fish can be associated 
with adverse physiological responses, such as reduced growth. The National Primary 
Drinking Water Standard (action limit) for both copper and lead is regulated by a 
treatment technique, which requires systems to control corrosiveness and additional 
treatment steps must be taken in the event that 10% of the tap water samples exceed the 
action limit set by the U.S. EPA (59). The action limit for Cu in drinking water is 1.3 
mg/L. The National Secondary Drinking Water Standard for Cu is 1.0 mg/L, a non-
enforceable standard based on taste and odor (59). The U.S. EPA acute water quality 
criteria value for Cu is 13.0 µg/L and the chronic water quality criteria is 9.0 µg/L (61). 
According to the U.S. EPA (61), the concentration required in order to protect human 
health from potential toxic effects of Cu through the consumption of contaminated water 
and aquatic organisms is 1,300 µg/L. 
 
 1.3.6 Iron 
 Iron (Fe) is abundant in the universe and is the fourth most common element in 
the earth’s crust, constituting approximately 5% by weight (30,52). The two major 
sources of Fe are limonite and hematite ores (52). Iron is an essential trace element 
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 required by plants and animals (30). Iron is a component of hemoglobin and a 
nutritionally important element. 
 Acute Fe poisoning in humans can cause vomiting, stomach and metabolic 
acidosis, liver damage, coagulation defects, renal failure, and hepatic cirrhosis (51). In 
the environment, two forms of iron, Fe+2 and Fe+3, may be present in water in varying 
levels depending on geological conditions and chemical components of the waterway 
(30). The ferrous form (Fe+2) originates from groundwater or from pumping of mines and 
persists in waters void of dissolved oxygen, whereas the ferric form (Fe+3) is insoluble in 
water (30). There is no National Primary Drinking Water Standard for Fe and the 
National Secondary Drinking Water Standard has been set at 0.3 mg/L, a non-enforceable 
standard based on taste and odor (59). Iron is considered a non-priority pollutant and the 
chronic water quality criterion has been set at 1,000 µg/L (61). 
 
 1.3.7 Lead 
 Lead (Pb) is a naturally occurring toxic metal that can be found in all parts of the 
environment (71). The main sources of Pb are galena, cerussite, and anglesite ores (52). 
Lead has a variety of uses and can be found in batteries, ammunition, solder, plumbing, 
X-ray shields, gasoline additives, paints, and ceramics (52,71). The principal source of Pb 
exposure in humans is food, however, other sources include: lead-based indoor paint in 
old houses; dust from environmental sources; contaminated drinking water; burning of 
fossil fuels; and mining and manufacturing activities (51,71). In the United States, the 
dietary intake of Pb in 1940 was 400 to 500 µg/d, whereas present day levels are under 
20 µg/L (51). Children are especially at risk, with a major problem being the ingestion of 
flaking lead-based indoor paints. Atmospheric Pb concentrations have decreased due to 
restrictions and the phasing out of leaded gasoline. Harte et al. (65) indicated that, since 
1976, vehicular Pb releases have declined more than 97%. 
 Lead mainly affects the nervous system, but can affect about every organ and 
system in the body (71). The symptoms of Pb poisoning, often vague and mimicking 
other conditions, include: pallor, vomiting, abdominal pain, constipation, listlessness, 
stupor, loss of appetite, irritability, and loss of motor coordination (65). Exposure to Pb is 
most dangerous to young and unborn children and can result in decreased mental abilities 
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 and health, decreased growth, blood anemia, muscle weakness, and brain damage 
(51,71). The International Agency for Research on Cancer classified Pb as a 2B 
carcinogen, the Department of Health and Human Services classified Pb as anticipated to 
be a human carcinogen, while the U.S. EPA determined that Pb is a probable carcinogen 
(71). As with Cd, Pb is also an endocrine disruptor that can adversely affect male 
mammalian reproductive systems (72). In addition, deleterious effects of Pb may be 
mediated in part by gene function alterations (73). 
Drinking water is an important source of Pb. The daily intake of Pb from drinking 
water is approximately 10 µg/d (51). The U.S EPA (74) estimates that 10 to 20% of 
human exposure to Pb may come from drinking water and that formula-fed infants can 
receive 40 to 60% of their exposure to Pb from drinking water used in the making of the 
formula. Lead enters drinking water after if leaves the water treatment plant or well water 
mainly due to lead-containing pipes and solder in house plumbing. As with Cu (Section 
1.3.5), the National Primary Drinking Water Standard is regulated by a treatment 
technique (action limit), which requires systems to control corrosiveness and additional 
treatment steps must be taken in the event that 10% of the tap water samples exceed the 
action limit set by the U.S. EPA (59). The action limit for Pb in drinking water is 15 
µg/L. The U.S. EPA has set a MCL goal in drinking water of 0 ppm (74). The U.S. EPA 
acute water quality criteria value for Pb is 65 µg/L and the chronic water quality criteria 
is 2.5 µg/L (61). However, the U.S. EPA (61) has not established a concentration 
required in order to protect human health from potential toxic effects of Pb through the 
consumption of contaminated water and aquatic organisms. 
 
 1.3.8 Nickel 
 Nickel (Ni) is an abundant natural element and the major sources are garnierite, 
pentlandite, and pyrrhotite ores (52). Nickel is combined with other metals to form alloys 
that are used in  the manufacturing of coins, jewelry, valves and heat exchangers, and 
stainless steel (75). Nickel can also combine with chlorine, sulfur, or oxygen to form 
nickel compounds that are used in nickel plating, ceramics, batteries, and catalysts (75). 
These nickel compounds are easily dissolved in water and represent a source of 
contamination. Human exposure can occur by inhalation, ingestion, and dermal contact. 
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 The major exposure source in humans is the consumption of Ni contaminated food, and 
the daily intake of Ni is between 100 to 300 µg/d (51,75). Other sources of Ni include 
atmospheric industrial releases, oil and coal burning, trash incineration, and industrial 
wastewater (51,75). Casarett et al. (51) noted that recent studies indicated that Ni is a 
nutritionally essential trace metal for some plants, bacteria, and invertebrates, but 
biochemical function and nutritional requirements have not been established for higher 
animals and humans. 
 The most common effect of Ni in humans is an allergic reaction, with 
approximately 10 to 20% of the population being sensitive to Ni (65,75). The most 
serious effect of respiratory Ni exposure is cancer of lungs, nasal passages, and the larynx 
(51,65,75). The OSHA has set a limit of 1 mg Ni/m3 of air for metallic Ni and nickel 
compounds in the workplace (75).  
According to the ATDSR (75), Ni does not appear to bioaccumulate in fish or 
other animals used as food. However, Harte et al. (65) noted that Ni will accumulate in 
aquatic food chains, with biomagnification factors (BMF) of 40,000 for algae and 40 for 
freshwater fish. The original drinking water MCL for Ni was 0.1 mg/L, however, this 
limit was remanded on February 9, 1995 and currently there is no U.S. EPA legal limit on 
the amount of Ni in drinking water (76). The U.S. EPA acute water quality criteria value 
for Ni is 470 µg/L and the chronic water quality criteria is 52 µg/L (61). According to the 
U.S. EPA (61), the concentration required in order to protect human health from potential 
toxic effects of Ni through the consumption of contaminated water and aquatic organisms 
is 610 µg/L, and for the consumption of the organism alone it is 4,600 µg/L. 
 
 1.3.9 Zinc 
 Zinc (Zn) is one of the most common elements in the earth’s crust and can be 
found in air, soil, water, and foods (51,77). Zinc is a nutritionally essential metal, with 
severe health consequences arising due to Zn deficiency (51,65). Zinc is combined with 
copper to form brass and with both copper and tin to form bronze (52,65,77). Zinc can be 
found in rust preventatives, batteries, coins, paints, dyes, rubber, wood preservatives, 
photocopying paper, and smoke bombs used for riot control (65,77). Zinc enters the 
environment due to natural processes and human activities such as mining, steel 
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 production, coal burning, and waste incineration (77). Human exposure can be from 
ingestion of contaminated food, water, and beverages, dietary Zn supplements, and 
industrial exposure (65,77). Human daily intake, mostly from food, is approximately 12 
to 15 mg (51). 
 Acute exposure to large levels of Zn can cause stomach cramps, nausea, vomiting, 
anemia, and diarrhea (51,65,77). Workplace exposure to zinc oxide fumes can result in 
metal fume fever, with symptoms that include rapid breathing, shivering, fever, sweating, 
chest and leg pains, and weakness (51,65,77). The OSHA has set a workplace limit for 
airborne zinc chloride fumes at 1 mg/m3 and for zinc oxide fumes at 5.0 mg/m3 during a 8 
h workday over a 40 h workweek (77). Zinc has not been found to be carcinogenic  
(51,65,77).  
There is no National Primary Drinking Water Standard for Zn and the National 
Secondary Drinking Water Standard has been set at 5 mg/L, a non-enforceable standard 
based on taste and odor (59,77). Zinc will bioaccumulate in fish and other organisms, but 
not in plants (77). The U.S. EPA acute and chronic water quality criteria values for Zn 
have both been set at 120 µg/L (61). According to the U.S. EPA (61), the concentration 
required in order to protect human health from potential toxic effects of Zn through the 
consumption of contaminated water and aquatic organisms is 7,400 µg/L, and for the 
consumption of the organism alone it is 26,000 µg/L. 
 
 1.3.10 Cumulative Criterion Units 
Regulation of municipal and industrial discharges in the U.S. is conducted by the 
National Pollutant Discharge Elimination System (NPDES) which applies numerical 
limitations for individual chemicals including acute and/or chronic biomonitoring 
requirements (39). However, Birge et al. (39) indicated that NPDES biomonitoring may 
not provide the expected degree of environmental protection since it concentrates on 
individual chemicals, precluding the assessment of additive or synergistic metal 
interactions. These metal interactions and their potentials for environmental impacts are 
determined with an additive model used to calculate cumulative criterion units (CCUs), 
as presented by several researchers (39,78-81). The additive model uses total recoverable 
water concentrations and freshwater chronic criterion values obtained from the U.S. EPA 
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 (61) to determine a CCU score. A CCU score of ≥1.00 indicates the possibility of 
ecological impact (39). Although this novel procedure has been slow to be adopted, CCU 
determinations have been useful in linking ecotoxicological data with ecological 
assessments (81). 
 
1.4 Study Site 
Chemical characterization and biomonitoring of two impacted freshwater streams 
were conducted in 1987-2005. The impacted streams, Big and Little Bayou creeks, were 
located approximately 6 Km south of the Ohio River in McCracken county, KY. The 
sites had established point-sources of both PCBs and metals discharging into the streams. 
Monitoring studies were conducted as part of the Biological Monitoring Plan for the 
Paducah Gaseous Diffusion Plant (PGDP) developed by Birge et al. (82). This study site 
presented a unique opportunity to investigate impacts by both PCBs and heavy metals 
and their relationships between water, sediments, floodplain soils, and fish.  
The PGDP is located in Paducah, KY (McCracken county) at the western end of 
the state. The PGDP, owned by the U.S. Department of Energy (DOE) and leased and 
operated by the United States Enrichment Corporation (USEC), is the only operating 
uranium enrichment facility in the U.S. (83). The plant began operations in 1952 
producing enriched uranium for military reactors and weapons. According to USEC (83), 
originally the uranium was limited to low levels and the plant served as a “feeder facility” 
for other defense plants, but in 1960 the enriched uranium was used instead for 
commercial nuclear reactors generating electricity. The enrichment process consists of 
increasing the concentration of U-235 (235U) and decreasing that of U-238 (238U) in 
natural uranium hexafluoride (UF6) by gaseous diffusion. Uranium enrichment processes 
at PGDP require 1,760 enrichment steps and involves approximately 644 Km (400 mi.) 
of process piping (83). There are a total of 161 buildings covering 303 hectares (748 
acres) of land within the PGDP perimeter security fence (82-84). Beyond the DOE-
owned buffer zone is the West Kentucky Wildlife Management Area (WKWMA), which 
covers 804 hectares (1,986 acres) of land and is leased to the Commonwealth of 
Kentucky. Approximately 445 hectares (1,100 acres) of the WKWMA are dedicated to 
agriculture (84). 
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 The Bayou Creek system consists of two third order, moderate gradient 
freshwater streams, Big and Little Bayou creeks. Big Bayou creek flows west-northwest 
for 14.5 Km (9 mi.) and is located west of the PGDP. Little Bayou creek flows east-
northeast for 10.6 Km (6.6 mi.) and is located east of the plant. Both streams converge 
north of the plant and drain into the Ohio River which is approximately 5.6 Km (3.5 mi.) 
north of the PGDP and carries over 1.1 X 106 L/sec of water (84). Stream flow was 
monitored by the U.S. Geological Service (USGS) which had three gaging stations in the 
Bayou Creek system and one gaging station in Massac creek. The gaging stations were 
Bayou Creek near Heath, KY at station BB1 (USGS#03611800), Bayou Creek near 
Grahamville, KY at station BB8 (USGS#03611850), Little Bayou creek near 
Grahamville, KY at station LB4 (USGS#03611900), and Massac creek near Paducah, KY 
(USGS#03611260). 
Big Bayou creek has mainly been impacted by heavy metals and to a lesser degree 
by PCBs, whereas Little Bayou creek was moderately impacted by PCBs and to a lesser 
degree by metals. Both streams receive effluent outfalls originating from plant 
operations. A schematic of sampling sites in Big and Little Bayou creeks and the location 
of the effluents is presented in Figure 1.1. The collecting sites on Big Bayou creek in 
downstream order, include BB1A, BB1, and BB3 through BB9. Station BB2 was situated 
on an unnamed tributary that enters Big Bayou creek just upstream of station BB3 
(Figure 1.1). The collecting sites on Little Bayou creek in downstream order, include 
LB1, LB2A, LB2, LB3, and LB4. The reference stations included BB1A, BB1, BB2, and 
LB1. In addition, the west fork of Massac creek (MC) was sampled and served as a 
reference station independent of the Bayou Creek system.  
Most of the flow within the Bayou system is from process effluents or surface 
runoff from the PGDP. During dry conditions, contributions from the PGDP comprise 
approximately 85% of the flow within Big Bayou creek and 100% of the flow within 
Little Bayou creek (82,84). The plant discharges 8 continuously-flowing and 9 
intermittently-flowing effluents monitored under the Kentucky regulatory Pollutant 
Discharge Elimination System (KPDES). The main continuously flowing KPDES 
effluents in Big Bayou creek are 001, 006, 008, and 009. KPDES effluents 002, 010, 011, 
and 012 that used to flow into Little Bayou creek have been combined at the C-617 pond 
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 and discharged through outfall 011 into Little Bayou creek (Figure 1.1) (85). These 
combined effluents collected at outfall 011 in Little Bayou creek were labeled as 
010+011 for this study. The combined effluent discharges averaged approximately 15 X 
106 L/d and 1.8 X 106 L/d into Big and Little Bayou creeks, respectively (85).  
Environmental compliance at the site falls under the Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA) and the Resource 
Conservation and Recovery Act (RCRA). PCBs at the site, which include transformers, 
capacitors, electrical equipment, and open systems (i.e. ventilation gaskets), are regulated 
by the Toxic Substances Control Act (TSCA). Metals originate from various plant 
operations. According to the Paducah Environmental Management Plan (86), as of April 
2001 over 200 potential environmental contamination locations at PGDP were identified. 
Remedial procedures to protect surface waters included (A) restricted access to 
contaminated waterways, (B) redirecting plant ditches (i.e. effluents) to prevent 
pollutants from leaving the site, (C) stricter water treatment procedures, (D) containment 
of pollution sources, and (E) excavation of the contaminated North-South diversion ditch 
(86). 
 
1.5 Organisms Studied 
Southworth (87) indicated that PCB concentrations in sunfish populations appear 
to be capable of rapid responses to changes in exposure, thus making sunfish suitable for 
monitoring remedial actions. However, according to Peterson et al. (88), sunfish are low-
lipid, short-lived fish that are not representative of maximum concentrations that are 
likely to occur in aquatic systems, therefore, we also included the largemouth bass, 
yellow bullhead, and stoneroller minnow. As a top predator, the largemouth bass diet 
consists of fish and crayfish, possibly leading to PCB biomagnification and metal 
accumulation in their tissues. Both the stoneroller minnow and the yellow bullhead were 
selected since these bottom feeders tend to have higher lipid content and are in direct 
contact with and ingest contaminated sediments. The stoneroller minnow is well suited as 
a sentinel monitor and it fulfills many of the characteristics described for a sentinel by 
Beeby and the National Research Council (2,4). 
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  Five sport fish were selected for the study and included: green sunfish (Lepomis 
cyanellus) (GS), longear sunfish (L. megalotis) (LS), bluegill (L. macrochirus) (BG), 
largemouth bass (Micropterus salmoides) (LMB), and the yellow bullhead catfish 
(Ameiurus natalis) (YBH). The stoneroller minnow (Campostoma anomalum) (SR), a 
forage species, also was studied. The sunfish are nest builders with the males guarding 
the nest during spawning (89-91). As described by Werner and Hall and by Etnier et al. 
(92-94), green sunfish and longear sunfish are usually found in shallow areas near the 
shore, but the bluegill prefers the water column of the littoral zone. Sediment deposition 
usually occurs away from the main stream channel and can result in the deposition of 
sediments near stream banks (berming), which increases the prospects of PCB and metal 
uptake by green and longear sunfish. All three species of sunfish have a limited home-
range and were relatively abundant in both streams included in this study.  
 The green sunfish can grow up to 25 cm (1 Kg) in size feeding on insects, small 
crustaceans, and small fishes (89,95). Green sunfish habitats are clear to turbid streams 
with minimal currents, swamps, and ponds (95-97). They are one of the most common 
sunfishes, tolerant of a wide-range of environmental condition, and as a pioneer species 
they readily invade new bodies of water (89,91,95,97,98). In Kentucky, the green sunfish 
is found in all drainages statewide (99). As noted by Gerkin (100), the green sunfish has a 
limited home range of  30.5 to 61.0 m (100-200 ft.). The green sunfish will move into 
deeper pools during the winter, but will return to the riffles to spawn May through August 
(89,101). They can hybridize with other Lepomis species.  
The green sunfish is of particular importance, as studies by Sanborn et al. (102) 
found this species to be particularly adept at metabolizing organochlorine compounds 
(DDT, DDE) and PCBs known to persist in the environment. Their studies also indicated 
that green sunfish metabolize lower chlorinated biphenyls more effectively than higher 
chlorinated PCBs.  There is limited information regarding PCB half-life in fish muscle 
tissues, however, Sanborn et al. (103) determined that for green sunfish the apparent half-
life values for elimination of hexachlorobenzene in muscle was 8.5 d. The authors also 
indicated that the muscles would clear faster than other tissues and contain fewer 
metabolites, thus further reducing residues in the edible fillet. These results are consistent 
with data presented by Safe (104). In results presented by Robison (13) green sunfish 
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 fillet concentrations ≥2.0 µg/g decreased precipitously within two to three months after 
PCB remediation was undertaken. Niimi & Oliver (15) observed a biological half-life for 
total PCBs of 219 d in whole fish for rainbow trout (Salmo gairdneri).  
 The longear sunfish can grow up to 23 cm (200 g) in size, with a lifespan up to 8 
years, and feeds on insects, crustaceans, and small fishes (89-91,95). Their habitat 
consists of stream pools with moderate current over sand, gravel and rock, lakes, and 
reservoirs (96-98). Although a popular game fish, most are too small for the sport 
fisherman (99). As with the green sunfish, the longear are found statewide in Kentucky 
and have a limited home range (99,100). Longear also move from pools to riffles to 
spawn, which occurs from May through early August (89,91,101). Longear sunfish were 
the most abundant sunfish species in the Bayou Creek system. 
 The bluegill is the most common sunfish and are a very popular game fish in the 
U.S. (91,95,99). The bluegill can grow up to 30 cm (2.2 Kg) in size feeding on insects 
and some vegetation (89,95). The bluegill diet is restricted by their small mouth size. 
Their habitat includes clear, warm pools in stream, lakes, and ponds (90,95,97,99). The 
bluegill is found in all drainages statewide in Kentucky (99). Spawning takes place late 
May through early August and the bluegill will readily hybridize with the green sunfish 
(89-91,99). 
The largemouth bass is a highly sought after sport fish in the U.S. and is usually 
found in almost every state (89,91,95). This species is the largest of the sunfishes and can 
grow to 97 cm (10.1 Kg) in size, with a lifespan of up to 16 years (91,95,99). The 
largemouth bass feeds on insects, crayfish, frogs, fish, snakes, and occasionally birds 
(89,90). Their habitat includes quiet, clear to slightly turbid streams, ponds, lakes, and 
reservoirs, where they usually will remain in water up to 6 m (20 ft.) deep with abundant 
vegetation for cover (89,90,95,97). In Kentucky, the largemouth bass are found statewide 
(99). Spawning occurs in poorly constructed nests, usually between early May to late 
June (early August) (89,90,99). 
 The yellow bullheads are also considered good sport and food fish. They can 
grow to 46 cm (1.4 Kg) in size and these omnivorous night time bottom-feeders will feed 
on insect larvae, crayfish, snails, fish, and plants (89,91,95). Their habitat included 
heavily vegetated pools and backwaters of sluggish streams, ponds, and lakes (95,97). 
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 According to Rhode et al. (91) yellow bullheads can tolerate polluted water better than 
other catfish. The yellow bullhead is found statewide in Kentucky (99). Spawning takes 
place May through June (89,90). 
 The stoneroller minnow or “hornyhead” or “knottyhead” is mainly used as bait 
fish by fisherman, however, it is interesting to note that in upper east Tennessee they are 
considered “fine fishing and fine eating” and that local fisherman will pass up a pool of 
rainbow trout for the stoneroller minnow (89,105,106). The stoneroller minnow can grow 
up to 23 cm in length and has a lifespan of 3-5 years (91,106,107). Habitats of the 
stoneroller minnow consist mainly of riffles and shallow pools in clear creaks and small 
rivers, with moderate to steep flow over gravel or bedrock (91,95,97,106). Aadland (96) 
indicated that juvenile and adult stoneroller minnows preferred slow-riffles (depth <60 
cm; water velocity 30-59 cm/s), while stoneroller minnows less than one year old (i.e. 
Age-0) preferred fast-riffles (depth <60 cm; water velocity ≥60 cm/s). The stoneroller 
minnow are pollutant tolerant fish that are widespread across most eastern and central 
U.S., throughout the Mississippi River basin, and occur in almost every stream in 
Kentucky (90,95,97,99). Spawning occurs between March and June in headwater creeks 
(89,90,99,106,108). The stoneroller minnow will compete with rainbow trout for 
spawning beds, however trout usually spawn earlier so competition is not as adverse 
(91,106). Stoneroller minnows use their lower jaw with a cartilaginous ridge to feed by 
moving or “rolling” rocks and gravel. According to Fowler and Taber (109) and Sellman 
et al. (110), stoneroller minnow diet consisted of 41-70% (volume of foregut content) 
detritus, 9-36% diatoms, 6-26% inorganic material, and 1-17% green and blue-green 
algae. The authors defined detritus as plant remains, bacteria, fungi, unidentified eggs, 
and other organic matter; and inorganic material as that which was larger than 2 µ in size 
(sand-silt). Diatoms are an important component of the stoneroller minnow diet 
throughout the year, but green algae was preferred in the summer (109). Napolitano et al. 
(111) determined that the gut content in stoneroller minnows consisted of 67.5% blue-
green algae and 8.5% green algae. The stoneroller minnow has a long intestine that loops 
around the air bladder, which helps digest the food, and in addition, food is macerated 
due to mixing with mineral particles throughout the intestine (91,99,109,110). Gelwick et 
al. (112) described how stoneroller minnow feeding resuspended silt, detritus, and other 
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 particulates from the bottom into the current, thus maintaining a rapidly growing algal 
community and allowing feeding opportunities for drift-feeding minnows and other 
collector-filterers. The stoneroller minnow can reduce biomass of attached algae, 
maintain algae at low standing crops despite high primary productivity, can affect 
secondary production of grazing invertebrates, and change the distribution of algal 
biomass among pools with piscivores (113,114). Periphyton has a strong tendency of 
concentrating contaminants by uptake or sorption and the impacts of effective grazers, 
such as the stoneroller minnow, on periphyton would likely influence downstream 
movements of toxicants (115). According to Napolitano et al. (111) the lipid content of 
the stoneroller minnow was the highest of freshwater fish, which made them a likely sink 
for persistent hydrophobic pollutants such as PCBs, pesticides, and petroleum 
hydrocarbons. 
In the past, our laboratory has focused on the stoneroller minnow as an instream 
sentinel monitor of metal exposure. In a study by Birge et al. (78) correlations between 
stoneroller minnow metal body burden with biological and ecological effects were 
reported. In their study, the stoneroller minnow body burden was used to develop 
multipliers which could be applied to total recoverable water column metal to calculate 
bioavailable metal concentrations and determine exposures that produced ecological 
impact. This herbivorous primary consumer with a limited home range is widely 
distributed in the United States and contains higher lipid content as compared to sport 
fish. Hill and Napolitano (116) described that the periphyton diet of the stoneroller 
minnow accounts as one of the major PCB exposure routes. Since stoneroller minnows 
reside on the stream bottom, they come into direct contact with contaminated sediments 
resulting in dietary as well as respiratory routes of uptake.  
 
1.6 Study Objectives and Overview 
The goal of this study was to perform comprehensive assessments of PCB and 
metal contamination in various environmental components of the Bayou Creek system 
utilizing different biomonitoring techniques. In addition to assays of abiotic components, 
sentinel fish species residing in low to moderately contaminated freshwater streams were 
used to: A) localize patterns and degrees of PCB and metal contamination, B) determine 
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 the effects of seasonal and hydrological variations in PCB uptake by different fish 
species, C) determine temporal variations in metal concentrations, D) distinguish between 
bioavailable and non-bioavailable metals, and E) determine additive metal interactions. 
Chapter 2 presents long-term assessments of PCB and metal contamination in 
water, sediments, floodplain soils, and fish from Big and Little Bayou creeks. In addition, 
spatial differences between stream sampling stations are presented. These long-term 
evaluations demonstrate whether the contaminants originated from the PGDP or from 
other sources, and help determine the effects of remedial activities at the PGDP on 
pollution levels in the stream system. The objectives of Chapter 3 were to determine PCB 
uptake and bioconcentration in different fish species residing in low-level PCB 
contaminated freshwater streams, and to define biologically available PCBs. In addition, 
PCB uptake and elimination patterns by the different sunfish species were evaluated. 
Another question addressed the possibility of a persistent “baseline” PCB body burden 
that is not metabolized over time. The hypothesis was that the green sunfish would 
metabolize PCB more rapidly than other species, therefore, body burden would consist of 
only the higher chlorinated PCBs. Detection of lower chlorinated PCBs in the green 
sunfish would indicate recent contamination, while in the stoneroller minnow it would be 
due to historical contamination. In comparing age with PCB concentration, the 
hypothesis was that as the fish became older, PCB body burden concentrations would 
increase. The PCB body burden concentrations also were expected to increase with 
increasing fish lipid content. 
In  Chapter 4, the objective was to determine if seasonal changes that altered 
hydrological stream conditions caused variations in PCB uptake by different fish species 
residing in low-level PCB contaminated freshwater streams. In addition, seasonal PCB 
uptake patterns in fish were compared to PCB concentrations in stream sediment and 
floodplain soils and their relationships evaluated. Current theory suggest that PCB 
concentrations in water and fish are highest during low-flow conditions, as found in the 
summer (16,117,118). I propose that PCBs are being remobilized from stream sediments 
and floodplain soils during high-flow events in the spring. PCBs are then being 
redistributed into fish resulting in increasing summer body burdens. In addition, 
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 floodplain areas would receive recently contaminated sediment particles following high-
flow events, therefore becoming sinks for PCBs. 
The objective of Chapter 5 was to determine congener distributions in sediments, 
floodplain soils, and fish from Big and Little Bayou creeks. Specific congeners were 
quantified from Aroclor data in order to determine and compare trends. Variations in 
congener uptake by different fish species residing in these low-level PCB contaminated 
streams were also evaluated. In addition, changes to congener distributions due to 
seasonal variations altering hydrological stream conditions were also evaluated. The 
hypothesis was that congener patterns can be derived from previously analyzed Aroclor 
mixture data. These patterns can be used to determine selective congener uptake by fish. 
As with the Aroclor data presented in Chapter 3, I expected that the green sunfish would 
have lower concentrations of less chlorinated congeners typically found in Aroclor 1248. 
In examining seasonal variations, the congener concentrations were expected to be higher 
during low-flow stream conditions. 
In Chapter 6 water, sediments, and stoneroller minnows samples were analyzed 
for nine metals of concern to the PGDP that included: silver, beryllium, cadmium, 
chromium, copper, iron, lead, nickel, and zinc. The objective was to use metal body 
burdens to develop multipliers used to convert total recoverable water metal 
concentrations to bioavailable metal concentrations. The hypothesis is that even though 
there may be metals present in the water column, not all of the metal concentration is 
available to aquatic organisms. Risk assessment based solely on total recoverable metals 
may overestimate environmental impacts since not all of the metal is in a bioavailable 
form. Another objective was the calculation of cumulative criterion units (CCUs) used to 
determine additive impacts due to metal mixtures. The determinations of CCUs provided 
additional risk assessment evaluations for Big and Little Bayou creeks. 
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 Figure 1.1. Schematic of sampling sites and locations of KPDES effluents discharging 
from the Paducah Gaseous Diffusion Plant (PGDP) into Big Bayou (BB) and Little 
Bayou (LB) creeks. Effluents are designated numerically and those with asterisks 
represent intermittently flowing effluents. Dotted lines represent original locations of 
effluents in Little Bayou creek. 
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 Chapter 2: Long-term assessments of polychlorinated biphenyls (PCBs) and metals 
in water, sediments, floodplain soils, and fish from two moderately impacted 
freshwater streams, Big and Little Bayou creeks 
2.1 Abstract 
 Long-term assessments of PCBs and metals at two moderately impacted 
freshwater streams, Big and Little Bayou creeks, were conducted in 1987-2005. Water, 
sediments, floodplain soils, and fish samples were analyzed for Aroclors 1248, 1254, and 
1260 and for silver (Ag), beryllium (Be), cadmium (Cd), chromium (Cr), copper (Cu), 
iron (Fe), lead (Pb), nickel (Ni), and zinc (Zn). Of the 263 water samples analyzed, only 9 
samples showed detectable PCBs, indicating the hydrophobic and transitory nature of 
PCBs in the water column. Detections of Aroclor 1248 in sediments and floodplain soils 
from Big Bayou creek were sporadic, whereas Aroclors 1254 and 1260 were prevalent 
during all sampling events. Floodplains appeared to be potential reservoirs for the higher 
chlorinated mixtures. Aroclors 1248 and 1254 concentrations in all sunfish species 
decreased after 1991, achieving what appeared to be “baseline” concentrations (0.10 to 
0.60 µg/g). Aroclor 1248 in stoneroller minnows was highest during the summer 
collections for both streams, but seasonal variability was not as distinct for Aroclors 1254 
and 1260. Metal concentrations did not display the seasonal variability evident in the 
PCB data. In Big Bayou creek, water Cr and Ni levels decreased over time, however, 
levels for all other metals remained constant. In waters from Little Bayou creek, Ag and 
Pb detections were sporadic, Be, Fe, and Ni levels decreased, while Cu and Zn levels 
increased. Most of the metals in sediments from both streams decreased over time, except 
for increases in Pb and Zn. Metal body burdens in stoneroller minnows from Big Bayou 
creek somewhat decreased with time, except for Cu and Zn. Body burdens of Ag, Cd, and 
Zn in stoneroller minnows from Little Bayou creek remained constant, however Cr, Cu, 
Ni, and Pb were elevated in 2005. Effluents 001 and 008 were sources of Cu, Ni, and Zn 
into Big Bayou creek. Lead was chronically elevated in samples tested from both 
streams, but the source could not determined. Zinc in Little Bayou creek possibly 
originated from runoff of the PGDP switchyard, but this source is yet to be ascertained. 
With the exception of Be and Fe, all other metals were chronic contaminants of both Big 
and Little Bayou creeks and continuous monitoring has been recommended.  
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 2.2 Introduction 
The exchange and/or partitioning between sediment and water plays an important 
role in the uptake and accumulation of organic chemicals (119) and metals (49,120) by 
aquatic organisms. Robison (13) indicated that both sediment and water concentrations 
should be important considerations for evaluating PCBs in aquatic systems. Sediments 
also can act as significant reservoirs for and a continuous source of heavy metals 
(49,120). In addition, floodplain soils can be important non-point sources of PCBs, 
metals, and other contaminants impacting riverine systems. Sediments deposited on the 
floodplain can become sinks for long term storage of nutrients, PCBs, and other 
contaminants (121-126). The state of Kentucky has 13 major drainage areas that 
encompass 143,925.2 Km (89,431 mi.) of streams and rivers, in which 4 stream systems 
are under PCB fish consumption advisories (37). Of particular importance to this study 
was the fish consumption advisory issued by the Kentucky Department for 
Environmental Protection in 1989 for Little Bayou creek encompassing 10.5 Km (6.5 
mi.) of the stream. 
Polychlorinated biphenyls (PCBs) are non-polar, chlorinated hydrocarbons with a 
biphenyl nucleus. PCBs have high thermal stability, low vapor pressures, and are highly 
hydrophobic and lipophilic, making them very persistent in the environment. PCBs 
released into the environment are usually composed of a variety of Aroclor mixtures (11). 
Aroclor mixtures of concern for this study included Aroclor 1248, 1254, and 1260 
prevalent at the site. The U.S. EPA established a maximum contaminant level (MCL) for 
PCBs in public drinking water at 0.5 ppb (11,28). In Kentucky, surface water quality is 
regulated by Kentucky Administrative Regulations (401 KAR 5:031) which set the 
standards for PCBs in both domestic water supply and for protection of human health 
from consumption of fish at 0.000064 ppb (29). The KAR values represent a 10-6 risk of 
cancer over a lifetime (30). The Federal chronic criterion value to protect freshwater 
aquatic life is set at 0.014 ppb over 24 h average (30,31). The U.S. EPA typically 
establishes two water quality criteria for the protection of aquatic organisms. According 
to the U.S. EPA (30,60,61), “the acute water quality criteria, or criteria maximum 
concentration, is an estimate of the highest concentration of a material in surface water to 
which an aquatic community can be exposed briefly without resulting in an unacceptable 
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 effect”, and “the chronic water quality criteria, or criterion continuous concentration, is 
an estimate of the highest concentration of a material in surface water to which an aquatic 
community can be exposed indefinitely without resulting in an unacceptable effect”. In 
Kentucky, a more conservative chronic criterion value has been established at 0.0014 ppb 
(29). No Federal acute criterion value for PCBs has been established, but acute toxicity to 
aquatic organisms appears to occur at concentrations above 2.0 ppb (30). The Food and 
Drug Administration (FDA), under the Code of Federal Regulations (21 CFR 109.30), 
mandates a tolerance level (also referred to as action levels) for PCBs in fish and shellfish 
(edible portions) of 2.0 ppm (32). Kentucky revised its methodology for issuing fish 
consumption advisories in 1998 to a risk-based approach presented in the Great Lakes 
Initiative (34-36). This approach implements more conservative standards than the FDA 
action levels and sets the PCBs standard at 0.05 mg/Kg.  
Metals of concern investigated in this study were silver (Ag), beryllium (Be), 
cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), and zinc 
(Zn). These metals were significant to the study area because of their use by the Paducah 
Gaseous Diffusion Plant (PGDP) during their operations. For example, Ag originated 
from photographic processing, Be may have been released during historic smelter 
operations at the PGDP, chromium was historically used at the PGDP as an anti-corrosive 
agent and chromated water spills drained into effluents, and zinc-based paints were used 
to repaint uranium hexafluoride transport cylinders (39). Acute and chronic water quality 
criteria values for the metals of concern in this study are presented in Table 2.1. 
Terrestrial species are relatively insignificant targets for Ag toxicity under 
realistic environmental conditions, however, aquatic species are far more sensitive and 
far more likely to be exposed (56). In aquatic systems, Ag is found in the water column at 
low levels (i.e. 1 to <100 ng/L) with the majority attributed to effluent influxes from 
sewage treatment plants (53). Beryllium (Be) is an uncommon metal with limited and 
specific industrial uses (51). According to the U.S. EPA (127), very little is known about 
the fate of Be compounds released into the environment, but indicated that erosion or 
runoff of Be compounds into surface waters is not likely to be in a soluble form. 
However, the U.S. EPA (30) also noted that acute and chronic Be toxicities to freshwater 
aquatic life occurs at concentrations as low as 130 and 5.3 µg/L, respectively. In 
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 Cassarett and Doull’s Toxicology (51) Cd is described as a modern toxic metal since it 
was discovered in 1817 and industrial use was minor until 50 years ago. The U.S. EPA 
(127) indicated that when Cd compounds bind to river sediments, they are more likely to 
be bioaccumulated or re-dissolved when these sediments are disturbed, such as during 
flooding. Cadmium enters aquatic systems from waste disposal and spills, leaks at 
hazardous waste sites, mining and smelting operations, and atmospheric scavenging of 
Cd particles (51,64,65). Typical concentrations for Cd in sediments range from 0.6 to 4.1 
µg/g, and for freshwater from 0.1 to 36 µg/L (65). Chromium is abundant in nature with 
the two biologically significant chemical forms being trivalent (Cr+3) and hexavalent 
(Cr+6) chromium, with Cr+6 being more toxic to organisms (128). The U.S. EPA (127) 
indicated that, when released to land Cr compounds bind to soil and are not likely to 
migrate into the groundwater. Copper is a common element and nutritionally essential, 
however in aquatic environments it is extremely toxic to algae. Environmental releases of 
Cu can occur from mining, farming, manufacturing, wastewater, volcanic activity, 
airborne dust, decaying vegetation, and forest fires (69). In freshwater systems naturally 
occurring Cu concentrations are in the range of 0.20-0.30 µg/L, but in locations receiving 
anthropogenic sources the concentrations can be as high as 100 µg/L and near mining 
areas it can be as high as 200,000 µg/L (129). Iron (Fe), a component of hemoglobin and 
a nutritionally important element, is the fourth most common element in the earth’s crust, 
constituting approximately 5% by weight (30,52). In the environment, two forms of iron, 
Fe+2 and Fe+3, may be present in water in varying levels depending on geological 
conditions and chemical components of the waterway (30). Lead is another ubiquitous 
metal and is detectable in practically all phases of the inert environment and in all 
biological systems (51). Lead mainly affects the nervous system, but can also affect about 
every organ and system in the body (71). Drinking water is an important source of Pb to 
humans. The daily intake by humans of Pb from drinking water is approximately 10 µg/d 
(51). According to the U.S. EPA (127), Pb is retained in the upper 2-5 cm of soil and 
does not appear to bioconcentrate significantly in fish, but does in shellfish. According to 
Landner and Reuther (128), Ni is essential for plants, bacteria, fungi, humans and other 
mammals, but toxic at high concentrations to most plant and fungi, and moderately toxic 
to mammals. Nickel is one of the most mobile metals when released to water, particularly 
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 in polluted waters where organic material will keep Ni soluble (127). According to the 
ATDSR (75), Ni does not appear to bioaccumulate in fish or other animals used as food. 
However, Harte et al. (65) noted that Ni will accumulate in aquatic food chains, with 
biomagnification factors (BMF) of 40,000 for algae and 40 for freshwater fish. As with 
Pb and Ni, zinc (Zn) also tends to be a prevalent element in nature. Landner and Reuther 
(128) indicated that although common in nature, it is supposed that about 96% of Zn 
released into the global environment is due to the result of anthropogenic activities. Zinc 
will bioaccumulate in fish and other organisms, but not in plants (77). 
Chemical characterization and biomonitoring of two impacted freshwater streams 
were conducted in 1997-2005. The two streams, Big and Little Bayou creeks received 
effluent discharges from the Paducah Gaseous Diffusion Plant (PGDP), located in 
Paducah, KY (McCracken county). The PGDP is the only operating uranium enrichment 
facility in the U.S. (83). Detailed descriptions of the PGDP are presented in Chapter 1. 
The study site had established point-sources of both PCBs and metals discharging into 
the streams, and presented a unique opportunity to investigate long-term impacts by both 
PCBs and heavy metals and to compare their concentrations between water, sediments, 
floodplain soils, and fish. Big and Little Bayou creeks are located approximately 6 Km 
south of the Ohio River in McCracken county, KY. Big Bayou creek flows west-
northwest for 14.5 Km (9 mi.) and is located west of the PGDP. Little Bayou creek flows 
east-northeast for 10.6 Km (6.6 mi.) and is located east of the plant. Both streams 
converge north of the plant and drain into the Ohio River (84). Big Bayou creek has 
mainly been impacted by heavy metals and to a lesser degree by PCBs, whereas Little 
Bayou creek was moderately impacted by PCBs and to a lesser degree by metals. Both 
streams receive effluents originating from plant operations which are described in 
Chapter 1. The Bayou Creek system studied was similar to other streams found 
throughout the state in stream characteristics and aquatic fauna. 
Three sunfish species were selected for the study and included: green sunfish 
(Lepomis cyanellus) (GS), longear sunfish (L. megalotis) (LS), and bluegill (L. 
macrochirus) (BG). All three species of sunfish have a limited home-range and were 
relatively abundant in both streams included in this study. Their limited home-range 
restricts fish movements to a specific stream sector, thereby increasing the prospects of 
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 exposure to contaminants and preventing migration to and from other sampling sites. The 
stoneroller minnow (Campostoma anomalum) (SR), a forage species, also was selected 
for this study since these benthic feeders are in direct contact with and ingest 
contaminated sediments, resulting in dietary, dermal and respiratory routes of uptake. In 
the past, our laboratory has focused on the stoneroller minnow as an instream sentinel 
monitor of contaminant exposure (78,130). The purposes of this study were to 
characterize long-term PCB and metal concentrations and evaluate their relationships 
within the different environmental compartments. Fish analyzed served as biomonitors of 
possible human health and ecological impacts.  
 
2.3 Materials and Methods 
 2.3.1 Sampling Locations 
 Figure 2.1 is an illustration of the Bayou Creek system indicating the collecting 
locations, the position of the continuously flowing effluents, and distances from the Ohio 
River. The collecting sites on Big Bayou creek, in downstream order, were BB1A, BB1, 
and BB3 through BB9. Station BB2 was situated on an unnamed tributary that enters Big 
Bayou creek just upstream of station BB3 (Figure 2.1). The collecting sites on Little 
Bayou creek, in downstream order, were LB1, LB2A, LB2, LB3, and LB4. The reference 
stations included BB1A, BB1, BB2, and LB1. In addition, the west fork of Massac creek 
(MC) was sampled and served as a reference station independent of the Bayou Creek 
system. Massac creek (hydrologic unit 05140206), located in McCracken county, KY, has a 
drainage area of 14.6 square miles and drains into the Ohio River (131). 
 
 2.3.2 Collections of Water, Sediments, and Floodplain Soils for PCB Analyses 
 Water samples for PCB analyses were collected in chemically cleaned, 1-L amber 
glass jars with Teflon-lined caps obtained from I-Chem®. Samples were placed on ice until 
delivery to the laboratory and maintained under refrigeration (4°C) until extraction within 7 
d of collection. Stream sediment samples were restricted to the upper 5-10 cm of sediment 
soil, including depositional areas when found.  Floodplain soils were collected within 10-20 
m of the shoreline (5-10 cm deep) in areas where flood debris was present. Any surface 
vegetation was removed prior to sampling floodplain soils. Samples of both stream 
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 sediments and floodplain soils consisted of five composite samplings per station and were 
used for both PCB and metal assays. All sediment and floodplain samples were collected in 
acetone-rinsed 0.47 L glass jars with Teflon-lined lids.  Stainless steel spoons and scoops 
used for collections were acetone-rinsed between sampling stations.  
 
 2.3.3 Fish Collections 
Fillets from sport fish were obtained to determine possible human health impacts, 
while whole-body tissues were analyzed from stoneroller minnows (e.g. forage fish) for 
determinations of ecological impacts. Fish were collected by use of a back-pack shocker 
and/or seining.  Deeper runs and pools were sampled using a shocking system mounted 
on a small barge, as described by Price et al. (132). Collection of sport fish was restricted 
to sizes large enough to be taken by fisherman (>50 g whole-body weight), however, due 
to limited numbers of each species, smaller fish were sometimes collected. Limited fish 
sampling was conducted at each station to decrease the potential of over-fishing the 
streams. Fish that did not meet our requirements were returned to the stream. Fish were 
sorted on-site and those collected for PCB assays were wrapped in aluminum foil, sealed 
in plastic bags, and placed on ice (4 °C) for transport to the laboratory. To prevent metal 
contamination, collected stoneroller minnows for metal assays were segregated from 
PCB samples, sealed in plastic bags, and placed on ice (4 °C) for transport to the 
laboratory. Fish species were identified and stored in the freezer (-15 °C) until extraction.  
 
 2.3.4 Collection of Samples for Metal Analysis 
Two water samples per site for metal assays were collected in acid-cleaned 250-
mL polyethylene bottles. Samples were preserved with 5.0 mL concentrated TraceMetal 
grade HNO3 upon collection and analyzed for total recoverable (TR) metals. Sediment 
and floodplain soils samples taken for PCB analyses were also used for metal 
determinations. Sediment and floodplain soil sample collection procedures are described 
above (Section 2.3.2). 
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  2.3.5 Water, Sediment, and Floodplain Soil PCB Extractions 
 Liquid-liquid extractions were performed on water samples within 7 d of 
collection following U.S. EPA methods (133). One-liter aqueous samples were extracted 
three times with 60-mL methylene chloride and concentrated to near dryness in a Roto-
evaporator (Buchi model RE121). The reconstituted samples (2.0 mL in iso-octane) were 
cleaned of interferences (Section 2.3.7) and then analyzed by gas chromatography. Wet 
sediment/soil extractions of PCBs were performed following U.S. EPA procedures (11,133).  
Weighed sub-samples (55.39 ± 0.68 g wet weight) were extracted with 300 mL of 
acetone/methylene chloride (1:1 v:v) in a 500-mL Soxhlet extractor for 15 h.  The extract 
was concentrated to near dryness in a Roto-evaporator (Buchi model RE121), and further 
concentrated with ultra-pure nitrogen gas. The reconstituted samples (5.0 mL in iso-
octane) were cleaned of interferences and then analyzed by gas chromatography (Section 
2.3.8). 
 
 2.3.6 Fish PCB Extractions 
Fish were measured for length and whole-body weight, and fillets were taken 
from the sunfish with solvent-cleaned surgical instruments. The whole-body of the 
stoneroller minnow was extracted for PCBs after the gastrointestinal tract (i.e. viscera) 
was removed. This viscera was extracted and analyzed separately to determine ingested 
PCBs. The final results were combined to represent total PCB loads in the stoneroller 
minnow. Otoliths (sagittae) were removed from the sunfish for age determinations, as 
described by Boxrucker (134). Due to their small size, otolith age could not be 
determined for stoneroller minnows. PCBs in fish tissues were extracted and analyzed 
using standard U.S. EPA methods (11,133,135). All solvents used were pesticide grade 
and were screened for organic contaminants prior to use.  The fish tissue samples were 
ground with 10 g anhydrous sodium sulfate and the powder extracted with petroleum 
ether in a Soxhlet apparatus for 5-h. The extracts were concentrated to near dryness in a 
Roto-evaporator (Buchi model RE121). Reconstituted samples (5.0 mL in iso-octane) 
were then cleaned of interferences (Section 2.3.7) and then analyzed by gas chromato-
graphy (Section 2.3.8).  A 1.0 mL sub-sample was taken for lipid determinations prior to 
clean-up. 
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 2.3.7 Sample Cleanup 
 Lipid and pesticide cleanup was performed according to procedures given by 
Erickson and U.S. EPA (11,133). Cleanup was performed by eluting a 2.0-mL sample 
through a micro-column of activated 100-200 mesh Florisil (100 °C /24 h) followed with 
10.0 mL of hexanes and evaporated to 2.0 mL (11). Elemental sulfur was then removed 
by shaking 2-propanol (2 mL) and tetrabutylammonium sulfite (2 mL), adding ultra-pure 
water (8 mL) and reshaking.  The organic extract was removed and mixed with 2.0-mL 
concentrated sulfuric acid (133,136). A 4-μL sub-sample was then analyzed by gas 
chromatography (Section 2.3.8).   
 
 2.3.8 PCB Analysis 
 PCB mixtures studied involved Aroclor 1248, 1254, and 1260 that were observed 
at the plant site and in the affected stream system. Analysis was performed using a 
Hewlett-Packard (HP) model 5890A gas chromatograph equipped with an electron 
capture detector and an HP model 7673A Automatic Sampler. Samples were analyzed 
with a 60 m x 0.53 mm ID SPB-5 (0.5-μm film) fused silica megabore column (Supelco, 
Inc.). The temperature program was: 160 °C (6 min), ramped at 10 °C /min to 235 °C (0 
min), ramped at 0.9 °C /min to 260 °C (10 min); Injector temperature, 280 °C; Detector 
temperature, 300 °C. Ultra-high purity helium and nitrogen were used as carrier and 
makeup gases, respectively. Aroclor levels were calculated from heights of 6-9 peaks for 
Aroclor 1248 and 1260 and 4-6 peaks for Aroclor 1254. Peak heights were quantified 
using an HP model 3396A integrator and multiple-peak linear regression analysis was 
performed with Lotus-123® software. Standard dilutions were made from stock PCB 
solutions obtained from AccuStandard, Inc. Five external standards, 0.04, 0.10, 0.40, 1.00 
and 2.00 µg/mL, were used to establish calibration curves. Instrument detection limit was 
0.01 µg/mL. The minimum detection limit was set at 0.04 µg/mL. PCB concentrations 
were corrected for final sample volume. Sample weights were factored into the 
calculations of final values for sediment/soil and tissue samples. During analysis, every 
tenth sample was either a solvent blank or a standard. Spiked sediment recoveries were 
also analyzed, with Aroclor 1248 recoveries averaging 97.75±8.98 %. 
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 2.3.9 Metal Digestions 
Acidified water samples were analyzed directly for total recoverable (TR) metals. 
All chemicals used were ACS grade or better and all acids were TraceMetal grade. A 2.0 
g (wet weight) sample of sediments or floodplain soils were digested according to 
procedures described in EPA Method 3050B and ASTM Method D 3974-81 (133,137). 
Sediment or soil samples were wet-weighed and placed in 50-mL Hot-Block® digestion 
tubes (Environmental Express). The samples were digested with 10.0 mL 1:1 TraceMetal 
grade HNO3 and heated to 95oC for 10 min in the Environmental Express Hot-Block® 
digestion unit. The samples were allowed to cool to room temperature and 5.0 mL of 
conc. HNO3 was added to each sample followed by heat-instilling until 5.0 mL were 
obtained.  To each sample, 2.0 mL of nanopure water and 3.0 mL of 30% H2O2 were 
added and the sample heated. The samples were then reconstituted with 5.0 mL of 0.5% 
HNO3 and filtered through a Gelman Sciences Type A/E glass fiber filter to remove 
suspended particulates.  The filters were rinsed with 0.5% HNO3 prior to use and filtrates 
were taken to a final volume of 15.0 mL.  Metal analyses of sediments and floodplain 
soils were performed as described in Section 2.3.10.  
 Stoneroller minnows selected for metal analysis were prepared according to 
modified procedures described by Hogstrand et al. (57), U.S. EPA (133), and Shaw et al. 
(138). Whole body stoneroller minnows with the gastrointestinal tract (viscera) removed 
were wet-weighed and placed in 50-mL Hot-Block® digestion tubes. The viscera (gut) 
removed from these specimens were digested and analyzed separately. The removal of 
the viscera allowed for the determination of metals due to ingested sediments. Eggs, if 
present, also were removed and digested and analyzed separately. Final results of the 
body, gut, and eggs were then combined. The samples were digested with 3.0 mL 
TraceMetal grade HNO3 per gram tissue and heated to 95o C for 10 min using the Hot-
Block® digestion unit. Samples were allowed to cool to room temperature and 1.0 mL of 
30% H2O2 per gram was added to each sample followed by heat-instilling until dry. The 
samples were then reconstituted with 5.0 mL of 0.5% HNO3 and filtered through a 
Gelman Sciences Type A/E glass fiber filter to remove suspended particulates.  The 
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 filters were rinsed with 0.5% HNO3 prior to use and filtrates were taken to a final volume 
of 10.0 mL. The samples were then analyzed as described in Section 2.3.10. 
 
 2.3.10 Metal Determinations 
Metal analysis was performed using a Varian Vista-MPX simultaneous Inductively 
Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES) and a Varian model 
Spectra AA-20 graphite furnace Atomic Absorption Spectrophotometer (AAS) as described 
by U.S. EPA (133). All gases used were ultra pure carrier grade. Standard dilutions were 
made from stock solutions obtained from AccuStandard, Inc. Calibration curves were based 
on at least five standards, ranging from 1.00 to 20.00 µg/L and 50.0 to 1000.0 µg/L. The 
lowest standard was set as the minimum detection limit. Instrument blanks (0.5 % HNO3) 
and performance evaluation standards were processed with all samples. All samples were 
analyzed in triplicate. Sample concentrations were then corrected for deviations from the 
standards and sample weights were factored into the calculations of final values.  
 
 2.3.11 Statistical Analysis 
Statistical procedures were performed at the University of Kentucky Center for 
Statistical Computing Support. Statistics included Analysis of variance (ANOVA); 
Tukey’s HSD; Duncan’s MRT; and Pearson's correlation coefficients, which were 
calculated using SPSS® Version 13.0 for Windows and STATISTICA Version 5.5  
statistical software.   
 
2.4 Results and Discussion 
 2.4.1 Polychlorinated biphenyls (PCBs) 
Eight sampling trips were made from 2000 through 2005 in which sunfish were 
collected and analyzed for PCBs. In order to study long-term trends, additional sunfish 
data from 1987 through 1997 presented by Robison (13), were included in the 
assessments for a total of 15 dates. Water, sediments and stoneroller minnows were 
collected during 7 sampling trips from 2001 through 2005 and floodplain soils were 
collected during the latter 6 trips. A total of 263 water samples, 238 stream sediments, 
and 145 floodplain soil samples were analyzed from the Bayou Creek system.  
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 Of the 263 water samples analyzed, only 9 samples showed detectable PCBs, with 
concentrations close to the minimum quantitation limit of 0.080 µg/L. Aroclor 1248 was 
detected in October 1998 for stations LB2A and LB2 (0.104 and 0.116 µg/L), in August 
2001 for BB6 (0.099 µg/L), in June 2002 for BB6, BB7, BB8, LB2A, and LB2 (0.112, 
0.116, 0.143, 0.115, and 0.095 µg/L), and in September 2003 for LB2A (0.087 µg/L). 
The lack of PCB detections in stream water indicated that PCBs were transitory in the 
water column and rapidly accumulated in biotic and sediment compartments likely due to 
their hydrophobicity and high organic carbon coefficients. Average sediment and 
floodplain soil Aroclor 1248, 1254, and 1260 concentrations for stations from Big and 
Little Bayou creeks are presented in Tables A-1, A-2 and A-3, respectively. Aroclor 1248 
was detected in sediments at 9 of 10 stations in Big Bayou creek on February 2001. 
However, sediment Aroclor 1248 was not usually found August 2001 through March 
2005. In contrast, sediment Aroclor 1254 and 1260 were more prevalent during the 
summer (Tables A-2 and A-3). The majority of detections were found at the effluent 
receiving zone (ERZ), which involved stations BB3 through BB7. Aroclor 1248 was 
rarely detected in floodplain soils from Big Bayou creek. Whereas, Aroclor 1254 and 
1260 in floodplain soils were detected during all sampling trips. In agreement with 
several studies (122-126,139), floodplain soils appeared to be potential reservoirs for the 
higher chlorinated mixtures. 
With increased concentrations found in Little Bayou creek, all three Aroclor 
tended to be more predominant as compared to Big Bayou creek. Sediment PCB 
concentrations decreased in downstream progression. Mean sediment Aroclor 1254 and 
1260 ranged from not detected to 101.19 µg/Kg, and from not detected to 40.16 µg/Kg, 
respectively, with the highest Aroclor concentrations occurring August 2001. As 
observed in Big Bayou creek, floodplain soils from Little Bayou creek appeared to be 
potential reservoirs for all three Aroclor studied. In general, floodplain Aroclor 
concentrations were approximately 10 times higher compared to sediment values. These 
PCB reservoirs have the potential of becoming mobilized during heavy rains and high-
flow events, thus reintroducing PCBs into the stream system (122-126,139). 
Concentrations (mean ± SEM) of all three Aroclor detected in bluegill, green 
sunfish, and longear sunfish from the ERZ in Big Bayou creek are shown in Figures 2.2, 
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 2.3, and 2.4, respectively. Highest initial PCB concentrations were found in green and 
longear sunfish. Although some decreases in Aroclors 1254 and 1260 were observed over 
time, PCB concentrations in bluegills were statistically similar (Duncan’s MRT, p<0.050) 
for all sampling dates (Figure 2.2). Aroclor 1254 levels in green sunfish decreased with 
time, however, Aroclors 1248 and 1260 were statistically similar for all dates (Figure 2.3 
A,C). Levels for Aroclors 1248 and 1254 in longear sunfish decreased with time (Figure 
2.4 A,B). Remediation procedures were conducted by the plant in 1991 and in the 
following collection trips the average Aroclor concentration in sunfish was detected 
below 0.20 µg/g. For bluegills collected from the ERZ in Big Bayou creek between 1991 
and 2005 the concentrations (µg/g) of Aroclor 1248, 1254, and 1260 (mean ± SEM) were 
0.123 ± 0.020, 0.121 ± 0.024, and 0.058 ± 0.008; for green sunfish the concentrations 
were 0.123 ± 0.012, 0.129 ± 0.021, and 0.108 ± 0.021; and for longear sunfish the 
concentrations were 0.097 ± 0.009, 0.109 ± 0.009, and 0.075 ± 0.006, respectively.  
Concentrations (mean ± SEM) of all three Aroclor detected in bluegill, green 
sunfish, and longear sunfish from Little Bayou creek are shown in Figures 2.5, 2.6, and 
2.7, respectively. As observed in Big Bayou creek, initial PCB levels in sunfish were 
elevated, however, no significant differences (Duncan’s MRT, p<0.050) over time were 
obtained for all three Aroclors found in the bluegill, for Aroclors 1254 and 1260 in green 
sunfish, and for Aroclors 1248 and 1260 in longear sunfish. The levels of Aroclor 1248 in 
green sunfish and Aroclor 1254 in longear sunfish decreased significantly over time with 
the “baseline” concentration of 0.10-0.60 µg/g being observed (Figures 2.6 A and 2.7 B). 
The “baseline” PCB concentration was defined as the overall body burden that falls 
below a threshold concentration that may be required to trigger metabolism of PCBs. 
However, further studies will be required to establish this hypothesis and define the 
threshold. A threshold concentration effect was presented by Sokol et al. (140) during 
their investigations of microbial PCB dechlorination. Results from their study 
demonstrated that there was no microbial dechlorination of PCBs at or below 35 µg/g 
after 58 weeks of incubation. 
During 1991-2005, the concentrations (µg/g) of Aroclor 1248, 1254, and 1260 
(mean ± SEM) in bluegills collected from Little Bayou creek were 0.664 ± 0.117, 0.393 ± 
0.069, and 0.225 ± 0.041; for green sunfish the concentrations were 0.307 ± 0.054, 0.294 
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 ± 0.042, and 0.225 ± 0.035; and for longear sunfish the concentrations were 0.560 ± 
0.096, 0.396 ± 0.056, and 0.323 ± 0.056, respectively. Bluegill Aroclor 1248 levels in 
Little Bayou creek were 7.8 times higher as compared to bluegill levels in Big Bayou 
creek. In contrast, Aroclor levels in green sunfish from Little Bayou creek were 
approximately twice as high as those from Big Bayou creek. Aroclor 1254 levels in 
bluegill and longear sunfish from Little Bayou creek were approximately 6 and 5 times 
higher than levels found in Big Bayou creek.  
Based on these results it appears that the remedial activities have allowed sunfish 
PCB body burdens to decrease, however, between 1991 and 2005 the levels remained 
constant and a “baseline” PCB concentration ranging from 0.10 to 0.60 µg/g was evident. 
Robison (13) noted that PCB body burden in green sunfish can drop to “baseline” within 
a few months after PCB remediation.  
Whole-body stoneroller minnow Aroclor concentrations (mean ± SEM) from the 
ERZ in Big and Little Bayou creeks are shown in Figures 2.8 and 2.9, respectively. 
Unfortunately, stoneroller minnows were not collected prior to the 1991 remediation. 
Stoneroller minnows from the ERZ in Big Bayou creek (Figure 2.8) had mean Aroclor 
ranges of 0.50-0.58 µg/g (1248), 0.34-0.45 µg/g (1254), and 0.26-0.29 µg/g (1260). 
Stoneroller minnows from Little Bayou creek (Figure 2.9) had mean Aroclor ranges of 
1.60-1.93 µg/g (1248), 0.93-1.20 µg/g (1254), and 0.92-1.14 µg/g (1260). Highest PCB 
concentrations in stoneroller minnows from the ERZ in Big Bayou creek were detected 
June 2002, whereas highest values in Little Bayou creek were detected September 2003 
for Aroclor 1248 and August 2001 for Aroclor 1254 and 1260. As with sunfish, PCB 
levels were higher in stoneroller minnows from Little Bayou creek. Except for March 
2003, spring Aroclor 1248 levels were significantly lower as compared to summer values 
in Big and Little Bayou creeks (Figures 2.8 A, and 2.9 A). However, seasonal variability 
was not as distinct for Aroclor 1254 and 1260 (Figures 2.8 B,C and 2.9 B,C). Based on 
the data, I propose that PCBs are being remobilized in the spring during high-flow events. 
PCBs are then being redistributed into fish increasing summer body burdens. Effects due 
to seasonal variability are further explained in Chapter 4. 
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  2.4.2 Metals of Concern 
 Metal analyses were conducted for water and sediments collected during 10 
sampling trips in the period of 1997-2005. Floodplain soils were collected during 6 
sampling strips from 2002 to 2005. Stoneroller minnows were collected in 9 trips from 
1997 to 2005. Nine metals of environmental concern were chosen and included Ag, Be, 
Cd, Cr, Cu, Fe, Pb, Ni, and Zn. A total of 314 water samples were collected during July 
1997 through March 2005. Of the water samples, 192 were collected from Big Bayou 
creek, 84 from Little Bayou creek, 14 from Massac creek, and 24 from KPDES effluents 
001, 006, 008, and 010+011. Metal concentrations for water samples at each sampling 
station are presented in Tables A-4 through A-12. A total of 354 sediment samples were 
collected July 1997 through March 2005. Of the sediment samples, 207 were collected 
from Big Bayou creek, 95 from Little Bayou creek, 18 from Massac creek, and 34 from 
KPDES effluents 001, 006, 008, and 010+011. A total of 218 floodplain soil samples 
were collected June 2002 through March 2005. Of the floodplain samples, 127 were 
collected from Big Bayou creek, 57 from Little Bayou creek, 8 from Massac creek, and 
26 from KPDES effluents 001, 006, 008, and 010+011. Metal concentrations for 
sediments and floodplain soils at each sampling station are presented in Tables A-13 
through A-21 and Tables A-22 through A-30, respectively. Metal concentrations (mean ± 
SEM) in water, sediments, and floodplain soils for all stations from the effluent receiving 
zones in Big and Little Bayou creeks are shown in Figures 2.10-2.18 and Figures 2.19-
2.27, respectively. Differences in metal concentrations between sampling dates were 
determined using ANOVA and post hoc comparisons were made with Duncan’s MRT. 
Uppercase letters were used in the figures to differentiate floodplain soil comparisons 
from the sediment comparisons. A total of 497 stoneroller minnows were collected 
September 1997 through March 2005, of which 373 were collected from Big Bayou 
creek, 87 from Little Bayou creek, and 37 from Massac creek. Metal concentrations for 
whole-body stoneroller minnows are presented in Tables A-31 through A-39. Metal 
concentrations (mean ± SEM) for whole-body stoneroller minnows for the ERZ in Big 
and Little Bayou creeks are shown in Figure 2.28. Post hoc comparisons between Big and 
Little Bayou creeks in Figure 2.28 were differentiated by lowercase and uppercase letters, 
respectively. 
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 2.4.2.1 Silver 
 Concentrations of water silver (Ag) from the ERZ in Big Bayou creek initially 
decreased between 1999 and 2001, however, following June 2002 the levels increased to 
concentrations observed in July 1997 (Figure 2.10). In contrast, sediment and floodplain 
soil Ag decreased with time and remained below 0.10 µg/g (Figure 2.10). No significant 
differences (Duncan’s MRT, p<0.050) were observed for sediments between September 
1999 and October 2004. Although some statistical differences were observed for 
floodplain soils, Ag concentrations were similar between June 2002 and October 2004 
(Figure 2.10). However, due to the low concentrations, the differences observed may 
have been due to environmental variability. When looking at individual stations, Ag in 
water was highest at station BB6 on September 1997, June 2002, and March 2003 with 
values of 1.26, 1.28, and 0.26 µg/L (Table A-4). Silver was possibly originating from 
effluent 001, which had the highest water Ag with values of 3.74 and 2.65 µg/L for 
September 2003 and October 2004, respectively. Sediment and floodplain Ag were 
detected at all stations during all sampling events, except for March 2005 (Tables A-13 
and A-22). Correlations (p <0.100) were observed between sediment and floodplain soil 
Ag in Big Bayou creek (r = 0.845, p = 0.072).  
Silver in water from Little Bayou creek was sporadic with low detection levels 
(Figure 2.19). In general, Ag was not considered a problem in Little Bayou creek, 
although Ag in stream water was somewhat elevated during the October 2004 collection 
(Table A-4). A significant drop in sediment Ag levels was observed between July 1997 
and September 1999 with values remaining constant for the latter dates (Figure 2.19). 
Floodplain soil Ag levels were similar between June 2002 and October 2004, but were 
elevated in March 2005. Silver concentrations in sediments and floodplain soils from 
Little Bayou creek ranged from <0.25 to 0.46 µg/g (wet weight) and <0.25 to 0.098 µg/g 
(wet weight), respectively (Tables A-13 and A-22). Sediment Ag concentrations in Little 
Bayou creek correlated (p <0.100) with floodplain soil Ag (r = 0.835, p = 0.078). 
Silver concentrations (mean ± SEM) in whole-body stoneroller minnows from the 
ERZ in Big and Little Bayou creeks are shown in Figure 2.28. As with Big Bayou creek 
sediment concentrations, Ag was highest in September 1997. Except for September 2003, 
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 stoneroller minnow Ag body burden was below 0.05 µg/g (Figure 2.28). Silver 
concentrations from recent sampling events were not significantly different (Duncan’s 
MRT, p<0.050) from those found in March 2000. Stoneroller minnow Ag were highest at 
BB8-BB9 for September 1997, June 2002, and September 2003 (Table A-31). Although 
correlations between water Ag and stoneroller minnow Ag body burden from the ERZ in 
Big Bayou creek were obtained, they were not statistically significant (r = 0.932, p = 
0.236). In Little Bayou creek, stoneroller minnow Ag body burden was significantly 
higher as compared to the other dates in September 1997, March 2001, and March 2005 
(Figure 2.28). Although stoneroller minnow Ag levels in Little Bayou creek did not 
correlate with sediment Ag concentrations, they correlated with floodplain soil Ag 
concentrations (r = 0.934, p = 0.020). 
Andren and Bober (56) presented Ag concentrations in stream/river sediments in 
the range of 0.2-7.0 µg/g. All Ag concentrations in Big and Little Bayou creeks were 
lower or within their range (Table A-13). The U.S. EPA has not recommended a chronic 
water quality criteria value, however, the acute water quality criteria value for Ag is 3.2 
µg/L (61). With the exception of effluent 001, all Ag water values were below the U.S. 
EPA acute water quality criteria, however, the Ag concentrations detected may cause 
chronic toxicity to aquatic organisms. Hogstrand and Wood (50) noted that when silver 
nitrate was used in long-term exposures to freshwater fish, chronic toxicity occurred at 
concentrations from 0.2 to 6.3 µg/L. The authors also indicated that acute toxicity values 
derived in the laboratory overestimate Ag toxicity in the field, due to the abundance of 
natural ligands (i.e. Cl-, dissolved organic carbon, colloid organics, and S-2) in natural 
waters that bind Ag and reduce its bioavailability. 
 
 2.4.2.2 Beryllium 
 Water beryllium (Be) from the ERZ in Big Bayou creek was highly variable and 
was highest in September 2003 (Figure 2.11). Beryllium was not detected in the water 
during the October 2004 and March 2005 collections. When comparing individual Big 
Bayou creek stations, water Be was highest at station BB7 for 5 collection dates with 
concentrations in the range of <0.25-3.37 µg/L (Table A-5). Sediment Be decreased 
between July 1997 and September 1999, then leveled off after March 2003, with 
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 sediment Be concentrations being statistically similar (Duncan’s MRT, p<0.050) between 
March 2003 and March 2005. Beryllium concentrations in floodplain soils from the ERZ 
in Big Bayou creek were statistically similar between March 2003 and October 2004, but 
different from March 2005 (Figure 2.11). Correlation (p <0.100) was obtained between 
the concentrations of Be in sediments and floodplain soils (r = 0.872, p = 0.054). Most of 
the sediment and floodplain Be levels from the ERZ in Big Bayou creek were similar to 
those found at the upstream reference stations. 
In Little Bayou creek, water Be levels were also variable, with the highest Be 
levels observed in June 2002 (Figure 2.20). Water Be ranged from <1.00 to 1.65 µg/L 
and was highest in June 2002 (Table A-5). Sediment Be decreased between September 
1999 and March 2003. Between March 2003 and March 2005 sediment concentrations 
were statistically similar (Figure 2.20). Floodplain Be also remained constant between 
March 2003 and March 2005. Sediment and floodplain Be in Little Bayou creek ranged 
from 0.12 to 2.47 µg/g (wet weight) and <0.38 to 0.52 µg/g (wet weight), respectively 
(Tables A-14 and A-23). No correlations were obtained between sediment and floodplain 
soil Be concentrations in Little Bayou creek (r = 0.040, p = 0.949). 
Beryllium in whole-body stoneroller minnows from the ERZ in Big Bayou creek 
was highest September 1997 through June 2002, followed by a significant (Duncan’s 
MRT, p<0.050) decrease after March 2003 (Figure 2.28, Table A-32). Although 
stoneroller minnow Be levels presented similar trends as the sediment Be (Figure 2.11), 
sediment Be did not correlate with stoneroller minnow Be body burden (r = 0.748, p = 
0.462). However, stoneroller Be correlated with concentrations of Be in water from the 
ERZ in Big Bayou creek (r = 0.999, p = 0.032). Beryllium in whole-body stoneroller 
minnows from Little Bayou creek had similar trends as those observed in Big Bayou 
creek, with the highest concentrations obtained in June 2002 (Figure 2.28). As with Big 
Bayou creek, stoneroller minnow Be levels in Little Bayou creek strongly correlated with 
water Be (r = 0.964, p = 0.008), but did not correlate with sediment Be. The results 
indicated that Be in the water tended to be more bioavailable to the stoneroller minnow. 
No acute and chronic water quality criteria values for Be have been recommended 
by the U.S. EPA (61). However, the U.S. EPA established a maximum concentration 
level (MCL) for Be in drinking water as 4 µg/L (127). Based on the results, effluent 001 
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 was a main source of water Be into Big Bayou creek. Although present at times in Little 
Bayou creek, sediment and floodplain Be levels were similar to levels at the reference 
sites and the concentrations have remained constant since 2003. 
 
 2.4.2.3 Cadmium 
 No significant (Duncan’s MRT, p<0.050) changes were observed between dates 
for water cadmium (Cd) from the ERZ in Big Bayou creek (Figure 2.12). When 
comparing individual stations, water Cd was elevated for station BB6 in February 2001 
and June 2002, with values of 0.11 and 0.67 µg/L, respectively (Table A-6). Water Cd 
also was elevated for station BB4 in August 2001 and September 2003, with values of  
0.72 and 0.51 µg/L. Sediment Cd concentrations from the ERZ in Big Bayou creek 
decreased between July 1997 and March 2001, however, Cd concentrations increased 
somewhat in the following collection dates (Figure 2.12). Some variability was observed 
in floodplain soil Cd from Big Bayou creek, however, Cd concentrations from March 
2005 were statistically similar to those from March 2003. No correlations were obtained 
between sediment and floodplain soil Cd levels (r = -0.210, p = 0.790). Highest sediment 
Cd was detected in June 2002 at station BB4 (1.26 µg/g, wet weight) and in March 2005 
at effluent 001 (1.95 µg/g, wet weight) (Table A-15). 
Water Cd in Little Bayou creek was variable, with the highest concentration 
observed for June 2002 (Figure 2.21). Water Cd was not detected during 5 of the 
sampling dates. As in Big Bayou creek, sediment Cd decreased significantly between 
July 1997 and August 2001, however, the  levels increased in June 2002 through March 
2005 and were statistically similar (Duncan’s MRT, p<0.050) to July 1997 levels. 
Floodplain soil Cd in Little Bayou creek was not significantly different between June 
2002 and March 2005. Sediment and floodplain Cd in Little Bayou creek ranged from 
0.01 to 2.12 µg/g (wet weight) and 0.38 to 4.15 µg/g (wet weight), respectively (Tables 
A-15 and A-24). As with Big Bayou creek, no correlations were obtained between 
sediment and floodplain soil Cd levels in Little Bayou creek (r = 0.065, p = 0.903). 
Cadmium in stoneroller minnows from the ERZ in Big Bayou creek decreased 
between 1997 and 2000, followed by consistent levels through 2005 (Figure 2.12, Table 
A-33). No correlations were obtained between sediment Cd levels and stoneroller 
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 minnow Cd body burden (r = 0.860, p = 0.341). Cadmium in stoneroller minnows from 
Little Bayou creek also remained constant from 1997-2005 with a range of 0.01-0.19 
µg/g, wet weight (Figure 2.28, Table A-33).  
Levels of Cd in water from Big Bayou creek tended to be higher that the U.S. 
EPA chronic criteria value of 0.25 µg/L, but were below the acute criteria value of 2.0 
µg/L (61). These results indicated that Cd was a potential chronic toxicant to aquatic 
organisms in Big Bayou creek. Even though water Cd was a sporadic contaminant in 
Little Bayou creek, elevated values were observed during the June 2002 collection (Table 
A-6). When found in Little Bayou creek, water Cd values were above the U.S. EPA 
chronic criteria value presented above. Cadmium is a chronic problem in Big Bayou 
creek resulting from intermittent influxes from the major effluents. Cadmium levels in 
stoneroller minnows from Big Bayou creek decreased with time, although water, 
sediment and floodplain soil levels remained constant, which indicated that sediments 
were a limited source of Cd to the stoneroller minnow. 
 
 2.4.2.4 Chromium 
 Total chromium (Cr) in water from the ERZ in Big Bayou creek was similar 
between July 1997 and August 2001, but became variable after June 2002 with the 
highest Cr level observed in September 2003 (Figure 2.13). Levels of Cr in water samples 
from Big Bayou creek ranged from <0.50 to 7.51 µg/L (Table A-7). In sediments from 
the ERZ in Big Bayou creek, Cr levels decreased approximately 7 times between July 
1997 and September 1999. Sediment Cr concentrations were statistically similar for all 
dates after September 1999, except for September 2003. No significant differences in 
floodplain Cr concentrations from the ERZ in Big Bayou creek were obtained between all 
sampling dates (Figure 2.13). Although chromium levels between sediments and 
floodplain soils appeared to be correlated, the comparisons were not statistically 
significant (r = 0.964, p = 0.171). Sediment Cr concentrations in Big Bayou creek were in 
the range of <2.53 to 69.54 µg/g, wet weight (Table A-16) and were highest at stations 
BB6 and BB9 in September 2003. Concentrations of floodplain Cr in Big Bayou creek 
were lower than those detected in sediments and ranged from 4.26 to 57.22 µg/g, wet 
weight (Table A-25). Overall, sediment Cr levels in the ERZ and recovery zone (BB8-
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 BB9) were similar to those found in reference stations, which indicated that the majority 
of Cr detected may be due to natural sources upstream of the study site.  
Water Cr concentrations in Little Bayou creek were somewhat similar between 
sampling dates. Although water Cr was not detected in March 2004 and October 2004, Cr 
concentrations in March 2005 were statistically similar to previous dates (Figure 2.22). 
Highest water Cr was observed in February 2001. Results for sediment and floodplain 
soil Cr did not correspond to those for water Cr, where the highest sediment and 
floodplain soil Cr concentrations were observed in September 2003 (Figure 2.22). No 
significant differences were observed between the other sampling dates. In Little Bayou 
creek, water Cr levels were similar to those detected in Big Bayou creek with values 
ranging from <1.00 to 6.39 µg/L (Table A-7). Sediment and floodplain soil Cr levels in 
Little Bayou creek ranged from <2.48 to 728.03 µg/g (wet weight) and 5.44 to 114.37 
µg/g (wet weight), respectively (Tables A-16 and A-25). Sediment Cr levels from Little 
Bayou creek strongly correlated with floodplain Cr levels (r = 0.961, p = 0.002). 
Stoneroller minnow Cr body burden from the ERZ in Big Bayou creek was 
highest in September 1997 and March 2001 (Figure 2.28). Stoneroller minnow Cr body 
burden during the recent sampling dates were significantly different (Duncan’s MRT, 
p<0.050) than those from September 1997 and March 2001. A strong correlation (p 
<0.050) was obtained between sediment Cr and stoneroller minnow Cr body burden (r = 
0.9996, p = 0.019). Concentrations of Cr in whole-body stoneroller minnows were higher 
in the ERZ during the spring, but were higher at stations downstream of the ERZ during 
late-summer and fall collections (Table A-34). Stoneroller minnow Cr levels in Little 
Bayou creek ranged from 0.04 to 3.37 µg/g (wet weight), being highest in March 2005 
(Figure 2.28, Table A-34). 
Landner and Reuther (128) indicated that Cr levels in natural surface waters were 
about 1-2 µg/L. Similar Cr values were observed during this study for both streams. 
Shacklette and Boerngen reported a large range of 1-2,000 µg/g for Cr in soils and other 
surficial materials (141). Values for sediment and floodplain soils from the Bayou Creek 
system were within this range. The U.S. EPA acute water quality criteria values are 570 
µg/L and 16 µg/L for Cr+3 and Cr+6, respectively, while the chronic criteria values are 74 
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 µg/L and 11 µg/L, respectively (61). Water Cr was below the chronic criteria values for 
both Big and Little Bayou creek. 
 
 2.4.2.5 Copper 
 Concentrations of copper (Cu) in water from Big Bayou creek were in the range 
of <1.00-13.79 µg/L (Table A-8). Copper levels in water from the ERZ in Big Bayou 
creek were fairly constant and most of the differences between sampling dates were not 
significant (Duncan’s MRT, p<0.050) (Figure 2.14). Increased concentrations of Cu in 
water from effluents 008 and 001 were detected between September 2003 and March 
2005 (Table A-8), which may account for the higher water Cu levels observed in Big 
Bayou creek in October 2004 and March 2005. Sediment Cu levels from the ERZ in Big 
Bayou creek were highest in July 1997, with values decreasing by about one third in 
September 1999. Sediment Cu levels remained constant between 2001 and 2005. As 
observed with the water values, sediment Cu concentrations were highest at effluents 008 
and 001, which indicated active sources of contamination (Table A-17). Concentrations 
of Cu in floodplain soils from the ERZ in Big Bayou creek tended to be somewhat higher 
than those found in sediments and were highest in June 2002, with all other dates 
remaining fairly constant (Figure 2.14, Table A-26). No correlations were obtained 
between sediment and floodplain soil Cu (r = -0.285, p = 0.642).  
Copper concentrations (mean ± SEM) for water, sediments, and floodplain soils 
from Little Bayou creek are shown in Figure 2.23. Water Cu was similar through all 
sampling periods except for March 2005. Copper levels in water samples from effluent 
010+011 also increased during the last two sampling events and were highest in March 
2005 with a maximum concentration of 70.63 µg/L (Table A-8), which may account for 
the elevated levels observed in the stream. Sediment Cu in Little Bayou creek was fairly 
constant and the majority of the values were statistically similar (Duncan’s MRT, 
p<0.050) (Figure 2.28, Table A-17). Copper in floodplain soils was highest in June 2002, 
but decreased in the following dates and remained constant between 2003 and 2005 
(Figure 2.23, Table A-26).  
Stoneroller minnow Cu body burden from the ERZ in Big Bayou creek were 
significantly higher on September 1997, March 2001, and August 2001 as compared to 
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 levels found in June 2002 through March 2004 (Figure 2.28). Copper body burden in 
March 2005 had increased to levels observed initially, which corresponded to increased 
water Cu levels (Figures 2.14 and 2.28, Table A-35). A correlation (p <0.10) between 
water Cu levels and stoneroller minnow Cu body burden was obtained (r = 0.947, p = 
0.053), however, there was no significant correlation between sediment Cu levels  and 
stoneroller minnow Cu body burden (r = -0.574, p = 0.426). Stoneroller minnows from 
the ERZ in Big Bayou creek contained Cu in the range of 0.93-5.69 µg/g (wet weight), 
whereas in the recovery zone (BB8-BB9) Cu ranges were 0.67-4.52 µg/g (Table A-35). 
Copper concentrations in stoneroller minnows from Little Bayou creek were similar for 
all dates, except for higher levels in March 2005 (Figure 2.28). The increased levels in 
March 2005 corresponded to increased water Cu (Figure 2.23). Based on these results, 
most of the uptake of Cu by stoneroller minnows was likely from the water. The highest 
stoneroller minnow Cu body burden was detected at station LB2 (13.97 µg/g, wet 
weight). It appeared that Cu impacts were not significant in Little Bayou creek until the 
last collection trip.  
In general, levels of Cu in water from Big Bayou creek were below the U.S. EPA 
chronic criteria value of 9.0 µg/L, however, effluents 008 and 001 were above the acute 
criteria value of 13.0 µg/L (61) raising concerns of additional Cu influxes into Big Bayou 
creek. Brady (142) indicated that the range for Cu in soils was 2-100 µg/g while 
Shacklette and Boerngen (141) reported a range of <1-700 µg/g. Values for Cu in 
sediments and floodplain soils from the Bayou Creek system were within these ranges. 
 
 2.4.2.6 Iron 
 Water iron (Fe) concentrations in Big Bayou creek were statistically similar 
between September 1999 and March 2005 (Figure 2.15, Table A-9). Variations observed 
in water Fe were attributed to natural fluctuations of Fe. Similar to Cr results (Section 
2.4.2.4), sediment and floodplain Fe levels were highest in September 2003 (Figure 2.15, 
Tables A-18 and A-29), however, Fe levels in the reference stations also were elevated 
during this sampling period. With the exception of September 2003, sediment Fe had no 
significant differences (Duncan’s MRT, p<0.050) between sampling dates (Figure 2.15). 
Although some minor differences were observed between sampling dates for floodplain 
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 soil Fe, in general, the values remained constant. Sediment Fe was strongly correlated 
with floodplain soil Fe (r = 0.998, p = 0.000007).  
Water Fe concentrations in Little Bayou creek were in the range of <10.0 to 
2541.2 µg/L and were somewhat variable for all stations tested (Figure 2.14, Table A-9). 
Sediment and floodplain soils Fe values were statistically similar for all sampling dates 
(Figure 2.18). Similar to Big Bayou creek, the highest Fe levels in sediments and 
floodplain soils from Little Bayou creek were detected in September 2003, however, Fe 
values also were elevated at the reference stations (Tables 2.18 and A-27). As observed in 
Big Bayou creek, sediment Fe from Little Bayou creek strongly correlated with 
floodplain soil Fe (r = 0.997, p = 0.00001).  
Whole-body stoneroller minnow concentrations of Fe in Big Bayou creek were in 
the range of 28.20 to 1019.3 µg/g, with highest values detected March 2001 and August 
2001 and lowest values detected March 2005 (Figure 2.28, Table A-36). These trend 
were similar to those observed for water Fe. Stoneroller minnow Fe body burden 
correlated (p <0.10) with sediment Fe (r = 0.860, p = 0.061) and floodplain Fe (r = 0.835, 
p = 0.078). Concentrations of Fe in whole-body stoneroller minnows from Little Bayou 
creek were highest in August 2001, however, the levels decreased and were similar for 
the latter part of the study (Figure 2.28, Table A-36). 
Brady (142) indicated that the range for Fe in soils was 10,000 to 100,000 µg/g 
while Shacklette and Boerngen (141) reported a similar range of 100 to >100,000 µg/g. 
Values for Fe in sediments and floodplain soils from the Bayou Creek system were 
within these ranges. In general, Fe was not problematic in either stream, with the majority 
of the iron detected originating from sources other than the PGDP. 
 
 2.4.2.7 Nickel 
 Concentrations of nickel (Ni) in waters for the ERZ in Big Bayou creek was 
significantly higher (Duncan’s MRT, p <0.050) in July 1997, February 2001, and June 
2002, however, the levels for all other dates were statistically similar, indicating no 
change in concentrations over time (Figure 2.16). Although Ni levels in stream water 
were somewhat constant over time, elevated levels at effluents 008 and 001 indicated that 
they were still sources of Ni into Big Bayou creek (Table A-10 and A-19). 
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 Concentrations of Ni in sediments from the ERZ in Big Bayou creek increased by about 
one fifth from July 1997 to September 1999, but were lower and statistically similar 
during 2001-2005 (Figure 2.16). Concentrations of floodplain soil Ni were constant 
throughout the study (Figure 2.16). No correlations was obtained between sediment Ni 
and floodplain soil Ni concentrations (r = 0.533, p = 0.276). 
Although Ni concentrations in water from Little Bayou creek appeared to 
decrease over time, the levels were statistically similar for most of the dates except for 
the higher levels in February 2001 (Figure 2.25, Tables A-10 and A-19). Sediment Ni 
concentrations in Little Bayou creek increased approximately 2 times from July 1997 to 
September 1999, however Ni concentrations from all other dates were statistically similar 
to the levels observed in 1997 (Figure 2.25). Nickel levels in floodplain soils from Little 
Bayou creek were fairly constant and statistically similar, indicating that floodplain soils 
were not a source of Ni into Little Bayou creek.  
Stoneroller minnow Ni concentrations from the ERZ in Big Bayou creek were 
elevated September 1999 through August 2001 (Figure 2.28). Between June 2002 and 
March 2005 the levels of Ni in stoneroller minnows decreased and were similar. These 
results corresponded to trends observed in water and sediments from Big Bayou creek 
(Figure 2.16). However, no correlation was obtained between sediment Ni levels and 
stoneroller minnow Ni body burden (r = -0.244, p = 0.693). Stoneroller minnow Ni 
ranged from 0.84 to 1.87 µg/g (wet weight) in July 1997, whereas in March 2005 the 
range was 0.09 to 0.32 µg/g, wet weight (Table A-37). Nickel levels in stoneroller 
minnows from Little Bayou creek also were highest September 1997 through August 
2001, with body burden decreasing in the following collections, except for March 2005, 
in which Ni body burden was somewhat elevated (Figure 2.28, Table A-37). 
Most of the water samples contained Ni below the U.S. EPA chronic criteria 
value of 52 µg/L (61). Shacklette and Boerngen (141) reported a range for Ni in soils to 
be <5 to 700 µg/g. Values for Ni in sediments and floodplain soils from the Bayou Creek 
system were within these ranges. 
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  2.4.2.8 Lead 
 Lead (Pb) in water samples from Big Bayou creek ranged from <0.50 to 4.98 
µg/L (Table A-11). Concentrations of Pb (mean ± SEM) in water, sediments, and 
floodplain soils from Big Bayou creek are shown in Figure 2.17. Water Pb concentrations 
from the ERZ in Big Bayou creek increased between 1997 and 2004 and peaked in 
October 2004, with stations BB4 and BB5 having the highest water Pb concentrations 
(10.66 and 13.27 µ/L, respectively). Lead concentrations in sediments and floodplain 
soils from Big Bayou creek also increased between 1997 and 2004, peaking in October 
2004 (Figure 2.17, Tables A-20 and A-29). Water Pb strongly correlated with sediment 
Pb (r = 0.826, p = 0.006), but the correlation with floodplain Pb was weaker (r = 0.855, p 
= 0.065). Sediment Pb was strongly correlated with floodplain soil Pb (r = 0.994, p = 
0.00005). In general, sediment Pb concentrations increased slightly in stations 
downstream of the ERZ. Although Pb appeared to be increasing in Big Bayou creek, 
concentrations of Pb in samples from the main PGDP effluents (001, 006, and 008) were 
similar to those found in stream stations (Tables A-11, A-20, and A-29). The source of 
lead is yet to be determined and further studies would be required.  
In Little Bayou creek, water Pb concentrations ranged from <0.50 to 8.05 µg/L, 
with station LB1 having the highest water Pb in March 2003. Most of the detected water 
Pb was similar in concentrations to the reference stations (Table A-11). No trends were 
observed for water Pb in Little Bayou creek (Figure 2.26). However, sediment and 
floodplain soil Pb concentrations were fairly similar and had similar trends to those 
observed in Big Bayou creek. Average Pb concentrations in sediments and floodplain 
soils from Little Bayou creek increased between September 2003 and October 2004 and, 
like Big Bayou creek, peaked in October 2004 (Figure 2.26, Tables A-20 and A-29). As 
observed in Big Bayou creek, sediment and floodplain soil Pb levels were strongly 
correlated (r = 0.996, p = 0.00003). 
Whole-body stoneroller minnow Pb levels in Big Bayou creek were in the range 
of 0.03 to 1.43 µg/g, with the highest concentrations detected at station BB9 in June 2002 
(Table A-38). However, Pb concentrations in stoneroller minnows from Big Bayou creek 
were similar to the levels observed in the reference stations. The highest stoneroller 
minnow Pb body burden was observed in March and August 2001, followed by 
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 decreasing concentrations (Figure 2.28). These body burden trends did not follow those 
observed for water, sediments, or floodplain soils. No correlation was obtained between 
sediment Pb levels and stoneroller minnow Pb body burden (r =  0.417, p = 0.583). In 
Little Bayou creek, whole-body stoneroller minnow Pb levels ranged from 0.07 to 1.03 
µg/g and were highest in August 2001 and March 2005 (Figure 2.28, Table A-38). The 
main PGDP effluent (010+011) did not appear to be a major contributor of Pb into Little 
Bayou creek, and the main source is yet to be determined.  
Several stations in Big Bayou creek had water Pb levels above the U.S. EPA 
chronic criteria value of 2.5 µg/L (61) (Table A-11). However, based on the results it 
appears that the continuous-flowing effluents from PGDP were not a major source of Pb 
into the system. Shacklette and Boerngen (141) reported a range for Pb in soils to be <10 
to 700 µg/g. Values for Pb in sediments and floodplain soils from the Bayou Creek 
system were within these ranges. 
 
 2.4.2.9 Zinc 
 Concentrations (mean ± SEM) of zinc (Zn) in water, sediments, and floodplain 
soils from Big Bayou creek are shown in Figure 2.18. Although some variability was 
observed for water Zn in Big Bayou creek, no significant differences (Duncan’s MRT, 
p<0.050) were obtained for any of the sampling dates (Figure 2.18). The highest water Zn 
concentrations were found at station BB7 in March 2002 and at station BB4 in October 
2004, with values of 123.24 and 29.27 µg/L, respectively (Table A-12). In addition, Zn 
concentrations tended to be elevated at effluent 008. Sediment Zn in Big Bayou creek 
peaked in October 2004 (Figure 2.18), with trends similar to those for observed for Pb 
(Section 2.4.2.8). Similar to Pb, sediment Zn tended to increase downstream of the ERZ. 
Most of the floodplain soil Zn concentrations were similar to sediment concentrations 
(Table A-30), and sediment Zn levels strongly correlated with floodplain soil Zn levels (r 
= 0.981, p = 0.001).  
In Little Bayou creek, levels of Zn in the water were similar for all dates, except 
March 2005 which was significantly higher (Figure 2.27). Concentrations of Zn in stream 
water from Little Bayou creek ranged from <1.00 to 698.45 µg/L and tended to be higher 
than concentrations found in Big Bayou creek (Table A-12). As observed in Big Bayou 
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 creek, sediment and floodplain soil concentrations of Zn peaked in October 2004. 
Sediment Zn concentrations in Little Bayou creek were in the range of 8.60 to 142.99 
µg/g (wet weight), and floodplain soil Zn concentrations ranged from 16.22 to 191.72 
µg/g (Tables A-21 and A-30). As observed in Big Bayou creek, sediment Zn levels from 
Little Bayou creek was strongly correlated with floodplain soil Zn levels (r = 0.851, p = 
0.032). The majority of Zn possibly originated from runoff of the PGDP switchyard 
where cylinder storage and painting were conducted. This source of Zn may have 
affected the upstream reference station LB1. However, further studies of the area 
surrounding the switchyard are needed to identify the source. 
Levels of Zn in stoneroller minnows from the ERZ in Big Bayou creek were 
elevated between September 1997 and June 2002, followed by a decrease in March 2003, 
after which the levels remained constant through March 2005 (Figure 2.28). No 
correlations were obtained between sediment Zn levels and stoneroller minnow Zn body 
burden (r = -0.397, p = 0.509). Overall stoneroller minnow Zn concentrations from Big 
Bayou creek were similar to those observed at the reference stations (Table A-39). 
Although stoneroller minnow Zn was elevated at the reference station (LB1) in Little 
Bayou creek, the concentrations at stations downstream of LB1 did not vary significantly 
during the study period (Figure 2.28, Table A-39).  
Except for one station in March 2002, water Zn values were below the U.S. EPA 
acute and chronic criteria value of 120 µg/L (61). Sediment Zn levels in Big Bayou creek 
ranged from 9.89 to 139.04 µg/g (wet weight), which were within the range for surface 
soils presented by Brady (142) and by Shacklette and Boerngen (141), who reported 
ranges of 10 to 300 and <5 to 2,900 µg/g, respectively. Landner and Reuther (128) 
reported that for European countries the background concentrations for Zn in freshwater 
sediments ranged between 12-150 mg/Kg (dry weight). 
 
2.5 Summary and Conclusions 
 
• PCBs were rarely detected in stream water from Big and Little Bayou creeks. In 
sediments and floodplain soils, Aroclor 1248 was not as prevalent as Aroclors 1254 
and 1260. As expected, higher sediment and floodplain soil PCB levels were found in 
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 Little Bayou creek. In addition, floodplain soils appeared to be potential reservoirs for 
the higher chlorinated mixtures. In Little Bayou creek, floodplain Aroclor 
concentrations were approximately 10 times higher compared to sediment values. 
These PCB reservoirs can potentially become mobilized during heavy rains and high-
flow events and reintroduce PCBs into the stream system. 
 
• Highest initial PCB concentrations were found in green and longear sunfish, however, 
Aroclor 1248 and 1254 concentrations in all sunfish species decreased following 
remediation procedures conducted by the plant in 1991. From 1991 through 2005, the 
average Aroclor concentration in sunfish ranged from 0.10 to 0.60 µg/g, which 
appeared to be a “baseline” concentration. For stoneroller minnows this baseline 
concentration ranged from 0.20 to 0.60 µg/g in Big Bayou creek and from 0.92 to 2.00 
µg/g in Little Bayou creek. 
 
• Aroclor 1248 concentrations in stoneroller minnows tended to be highest during the 
summer collections for both Big and Little Bayou creeks. However, seasonal 
variability was not as distinct for Aroclor 1254 and 1260. Based on the data, I propose 
that Aroclor 1248 remobilized in the spring, possibly due to high-flow events, then 
became redistributed into fish increasing summer body burdens. This theory is further 
examined in Chapter 4. 
 
• Metal concentrations in any of the sample matrices did not display the seasonal 
variability evident in the PCB data. 
 
• Based on the results, the main source of Ag into Big Bayou creek appeared to be 
effluent 001. Although not problematic in Little Bayou creek, Ag was detected in 
stoneroller minnow tissues. Overall Ag concentrations in both streams were low, 
however, the continued presence of Ag in stream water and stoneroller minnows 
indicated that it was still a chronic contaminant and must be closely monitored. 
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 • Concentrations of Be in water, sediments, and stoneroller minnows from Big Bayou 
creek decreased with time, which indicated less influx of Be from the PGDP. Based on 
the levels detected, it appeared that effluent 001 was the main source of Be into Big 
Bayou creek. 
 
• Cadmium continued to be a chronic problem in Big Bayou creek with intermittent 
influxes from the major effluents being observed. In Big Bayou creek, stoneroller 
minnow Cd body burden decreased with time, although water levels remained 
constant and both sediment and floodplain soil Cd levels initially decreased, but 
increased after 2002. Concentrations of Cd in the water tended to be low in Little 
Bayou creek. However, when detected the water values tended to be higher than the 
chronic criteria value, indicating the potential for chronic toxicity. 
 
• As with cadmium, chromium is a chronic problem in both Big and Little Bayou 
creeks. The main effluents in Big Bayou creek did not appear to be main contributors 
of Cr, however, effluent 010+011 was an intermittent source of Cr into Little Bayou 
creek. As with cadmium, stoneroller minnow body burden in Big Bayou creek 
decreased with time and correlated with sediment Cr levels. In Little Bayou creek Cr 
levels in stoneroller minnows were slightly higher than those from Big Bayou creek 
and remained somewhat constant over time, except for the most recent collection in 
which the levels were elevated. 
 
• Copper is still problematic in Big Bayou creek. Water Cu concentrations have 
remained constant through out the study period. Effluents 001 and 008 were still main 
contributors of Cu into Big Bayou creek, with levels above the acute criteria value of 
13.0 µg/L. In addition, floodplain soil Cu levels were higher than sediment levels, 
with floodplain soils acting as potential sinks for Cu.  
 
• In general, Fe was not problematic in either stream, with the majority of the iron 
detected originating from sources other than the PGDP. In Big Bayou creek stoneroller 
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 minnow Fe body burden correlated with Fe concentrations in water, sediments, and 
floodplain soils, indicating that Fe was highly bioavailable to the stoneroller minnow. 
 
• Concentrations of Ni in water from both streams remained constant over time. 
Sediment Ni concentrations peaked in September 1999, followed by decreasing levels. 
However, the levels remained constant between August 2001 and March 2005. Similar 
trends were observed for Ni levels in stoneroller minnows, however, the trends were 
not statistically similar. Levels of Ni in floodplain soils were constant and statistically 
similar over time. It appeared that Ni contamination has decreased, but a baseline 
concentration still persists.  
 
• Lead concentrations in water, sediments, and floodplain soils were increasing with 
time in Big Bayou creek. However, lead in samples from the main PGDP effluents 
(001, 006, and 008) were similar to those found in stream stations. The source of lead 
is yet to be determined and further studies would be required. Stoneroller minnow 
body burden trends decreased somewhat with time and did not follow the trends 
observed for water, sediments, or floodplain soils, with no correlations obtained 
between sediment Pb levels and stoneroller minnow Pb body burden. In Little Bayou 
creek, detection of Pb in stream water was sporadic; however, sediment and floodplain 
soil Pb levels increased with time. Effluent 010+011 did not appear to be a major 
contributor of Pb into Little Bayou creek, and as in Big Bayou creek the source of Pb 
is yet to be determined. 
 
• As with copper, zinc in Big Bayou creek was problematic. Concentrations of Zn in the 
water were constant through time, while sediment and floodplain soil Zn may be 
increasing with time. Based on levels detected, effluent 008 appeared to be the main 
contributor of Zn into Big Bayou creek. Although stoneroller minnow Zn body burden 
decreased somewhat with time, the levels remained elevated and constant. In Little 
Bayou creek, zinc concentrations in water, sediments, and floodplain soils also 
increased over time. Concentrations of Zn in stream water from Little Bayou creek 
tended to be higher than the levels found in Big Bayou creek. The majority of Zn 
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possibly originated from runoff of the PGDP switchyard where cylinder storage and 
painting were conducted. This source of Zn may have affected the upstream reference 
station LB1. However, further studies of the area surrounding the switchyard are need 
to ascertain the source. 
 
• Continuous monitoring results have provided the State of Kentucky, Environmental 
and Public Protection Cabinet and the management of the PGDP with guidance for 
remedial procedures. It has been recommended that PCBs and the nine metals of 
concerns be continuously monitored. Effluents 001 and 008 were the main sources of 
metals into Big Bayou creek and monitoring of these effluents should continue. In 
addition, the sources of Pb and Zn still need to be located and properly remediated. 
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 Table 2.1. U.S. EPA’s (61) listing of national recommended water quality criteria for the 
protection of aquatic life and human health in surface. As indicated by the U.S. EPA (61): 
“These criteria are published pursuant to Section 304(a) of the Clean Water Act (CWA) 
and provide guidance for states and tribes to use in adopting water quality standards". 
 
 Criterion Human Health  
 Concentration a for the consumption of 
 
 Water + Organism 
 Acute Chronic Organism Only 
 Metal (µg/L) (µg/L)  (µg/L) (µg/L) 
 
 Ag 3.2 --- b --- c --- 
 Be --- d --- --- --- 
 Cd 2.0 0.25 --- --- 
 Cr +3  570 74 --- --- 
 Cr +6  16.0 11.0 --- --- 
 Cu 13.0 9.0 1,300 --- 
 Pb 65 2.5 --- --- 
 Ni 470 52 610 4,600 
 Zn 120 120 7,400 26,000 
 
 
a  Freshwater criteria are expressed in terms of the dissolved metal in the water column. 
b No chronic criteria has been established. 
c A more stringent MCL has been issued by the U.S. EPA. 
d No acute or chronic criteria have been established. 
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Figure 2.1. Location of sampling sites and main effluent discharges in Big (BB) and 
Little (LB) Bayou creeks in relation to the Paducah Gaseous Diffusion Plant (PGDP), 
McCracken County, Kentucky. Numbers in parenthesis represent distance from the Ohio 
River in Km. Main effluents are shown as lines originating from the plant. Massac creek 
(not shown) was the reference stream independent of the Bayou Creek system. 
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 Figure 2.2. Concentrations (µg/g wet tissue) of Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in bluegill fillets collected December 1988 through March 2005 from the ERZ in Big 
Bayou creek. Means ± SEM for n=59 individual fish. Means with different letters are 
significantly different (Duncan’s MRT, p<0.050). N.D. indicates not detected. 
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 Figure 2.3. Concentrations (µg/g wet tissue) of Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in green sunfish fillets collected December 1987 through March 2005 from the ERZ in 
Big Bayou creek. Means ± SEM for n=111 individual fish. Means with different letters 
are significantly different (Duncan’s MRT, p<0.050). N.D. indicates not detected. 
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 Figure 2.4. Concentrations (µg/g wet tissue) of Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in longear sunfish fillets collected December 1988 through March 2005 from the ERZ in 
Big Bayou creek. Means ± SEM for n=200 individual fish. Means with different letters 
are significantly different (Duncan’s MRT, p<0.050). N.D. indicates not detected. 
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 Figure 2.5. Concentrations (µg/g wet tissue) of Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in bluegill fillets collected December 1988 through March 2005 from Little Bayou creek. 
Means ± SEM for n=35 individual fish. Means with different letters are significantly 
different (Duncan’s MRT, p<0.050). N.D. indicates not detected. 
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 Figure 2.6. Concentrations (µg/g wet tissue) of Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in green sunfish fillets collected December 1987 through March 2005 from Little Bayou 
creek. Means ± SEM for n=112 individual fish. Means with different letters are 
significantly different (Duncan’s MRT, p<0.050). N.D. indicates not detected. 
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 Figure 2.7. Concentrations (µg/g wet tissue) of Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in longear sunfish fillets collected December 1988 through March 2005 from Little 
Bayou creek. Means ± SEM for n=103 individual fish. Means with different letters are 
significantly different (Duncan’s MRT, p<0.050). N.D. indicates not detected. 
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 Figure 2.8. Concentrations (µg/g wet tissue) for Aroclor 1248 (A), 1254 (B), and 1260 
(C) in whole-body stoneroller minnows collected 2001 through 2005 from the ERZ in 
Big Bayou creek. Means ± SEM for n=169 individual fish. Means with different letters 
are significantly different (Tukey’s HSD, p<0.05). 
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Figure 2.9. Concentrations (µg/g wet tissue) for Aroclor 1248 (A), 1254 (B), and 1260 
(C) in whole-body stoneroller minnows collected 2001 through 2005 from Little Bayou 
creek. Means ± SEM for n=72 individual fish. Means with different letters are 
significantly different (Tukey’s HSD, p<0.05). 
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Figure 2.10. Silver concentrations in water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from the ERZ in Big Bayou creek. 
Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain soils. Means with 
different letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
 
0.00
0.50
1.00
1.50
2.00
2.50
Ju
ly
 9
7
Se
pt
. 9
9
Fe
b.
 0
1
A
ug
. 0
1
Ju
ne
 0
2
M
ar
. 0
3
Se
pt
. 0
3
M
ar
. 0
4
O
ct
. 0
4
M
ar
. 0
5
Si
lv
er
 C
on
c.
 (µ
g/
L)
Water
b,d
a,c,d
c,d
a
a,c
b
b
b
N.D. N.D.
0.00
0.10
0.20
0.30
0.40
0.50
0.60
Ju
ly
 9
7
Se
pt
. 9
9
M
ar
. 0
1
A
ug
. 0
1
Ju
ne
 0
2
M
ar
. 0
3
Se
pt
. 0
3
M
ar
. 0
4
O
ct
. 0
4
M
ar
. 0
5
Si
lv
er
 C
on
c.
 (µ
g/
g)
Sediment
Floodplain
b
b b
b
b b
b
bA AB A
C
a
  70
Figure 2.11. Beryllium concentrations in water (µg/L), sediments, and floodplain soils 
(µg/g wet weight) collected July 1997 through March 2005 from the ERZ in Big Bayou 
creek. Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain soils. 
Means with different letters (see text) are significantly different (Duncan’s MRT, 
p<0.050).  
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Figure 2.12. Cadmium concentrations in water (µg/L), sediments, and floodplain soils 
(µg/g wet weight) collected July 1997 through March 2005 from the ERZ in Big Bayou 
creek. Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain soils. 
Means with different letters (see text) are significantly different (Duncan’s MRT, 
p<0.050).  
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Figure 2.13. Total chromium concentrations in water (µg/L), sediments, and floodplain 
soils (µg/g wet weight) collected July 1997 through March 2005 from the ERZ in Big 
Bayou creek. Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain 
soils. Means with different letters (see text) are significantly different (Duncan’s MRT, 
p<0.050). 
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Figure 2.14. Copper concentrations in water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from the ERZ in Big Bayou creek. 
Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain soils. Means with 
different letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.15. Iron concentrations in water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from the ERZ in Big Bayou creek. 
Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain soils. Means with 
different letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.16. Nickel concentrations in water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from the ERZ in Big Bayou creek. 
Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain soils. Means with 
different letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.17. Lead concentrations in water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from the ERZ in Big Bayou creek. 
Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain soils. Means with 
different letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.18. Zinc concentrations in water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from the ERZ in Big Bayou creek. 
Means ± SEM for n=101 water, n=135 sediments, and n=77 floodplain soils. Means with 
different letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.19. Silver concentrations water (µg/L), sediments, and floodplain soils (µg/g wet 
weight) collected July 1997 through March 2005 from Little Bayou creek. Means ± SEM 
for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with different letters 
(see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.20. Beryllium concentrations water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from Little Bayou creek. Means ± 
SEM for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with different 
letters (see text) are significantly different (Duncan’s MRT, p<0.050).  
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Figure 2.21. Cadmium concentrations water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from Little Bayou creek. Means ± 
SEM for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with different 
letters (see text) are significantly different (Duncan’s MRT, p<0.050).  
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Figure 2.22. Total chromium concentrations water (µg/L), sediments, and floodplain soils 
(µg/g wet weight) collected July 1997 through March 2005 from Little Bayou creek. 
Means ± SEM for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with 
different letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.23. Copper concentrations water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from Little Bayou creek. Means ± 
SEM for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with different 
letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.24. Iron concentrations water (µg/L), sediments, and floodplain soils (µg/g wet 
weight) collected July 1997 through March 2005 from Little Bayou creek. Means ± SEM 
for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with different letters 
(see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.25. Nickel concentrations water (µg/L), sediments, and floodplain soils (µg/g 
wet weight) collected July 1997 through March 2005 from Little Bayou creek. Means ± 
SEM for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with different 
letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.26. Lead concentrations water (µg/L), sediments, and floodplain soils (µg/g wet 
weight) collected July 1997 through March 2005 from Little Bayou creek. Means ± SEM 
for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with different letters 
(see text) are significantly different (Duncan’s MRT, p<0.050). 
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Figure 2.27. Zinc concentrations water (µg/L), sediments, and floodplain soils (µg/g wet 
weight) collected July 1997 through March 2005 from Little Bayou creek. Means ± SEM 
for n=65 water, n=89 sediments, and n=57 floodplain soils. Means with different letters 
(see text) are significantly different (Duncan’s MRT, p<0.050). 
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 Figure 2.28. Metal concentrations in whole-body stoneroller minnows (µg/g wet tissue) 
collected September 1997 through March 2005 from Big Bayou (BBC) and Little Bayou 
creeks (LBC). Means ± SEM for n=264 (BBC) and n=81 (LBC) individual fish. Means 
with different letters (see text) are significantly different (Duncan’s MRT, p<0.050). 
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 Figure 2.28, continued. Metal concentrations in whole-body stoneroller minnows (µg/g 
wet tissue) collected September 1997 through March 2005 from Big Bayou (BBC) and 
Little Bayou creeks (LBC). Means ± SEM for n=264 (BBC) and n=81 (LBC) individual 
fish. Means with different letters (see text) are significantly different (Duncan’s MRT, 
p<0.050). 
0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
Se
pt
. 9
7
M
ar
. 0
0
M
ar
. 0
1
A
ug
. 0
1
Ju
ne
 0
2
M
ar
. 0
3
Se
pt
. 0
3
M
ar
. 0
4
M
ar
. 0
5
C
hr
om
iu
m
 C
on
c.
 (µ
g/
g)
BBC
LBC
a a
b,c
A,C
D
d
c
b,d
c
b,d d
A
A,B
A,C
B,C
C
B,C
N
ot
 C
ol
le
ct
ed
0.00
2.00
4.00
6.00
8.00
10.00
12.00
Se
pt
. 9
7
M
ar
. 0
0
M
ar
. 0
1
A
ug
. 0
1
Ju
ne
 0
2
M
ar
. 0
3
Se
pt
. 0
3
M
ar
. 0
4
M
ar
. 0
5
C
op
pe
r C
on
c.
 (µ
g/
g)
BBC
LBC
a
a
a
a,b
b,c
a
b,c
c c
A A A A
A A A
B
N
ot
 C
ol
le
ct
ed
0.0
100.0
200.0
300.0
400.0
500.0
600.0
700.0
800.0
Se
pt
. 9
7
M
ar
. 0
0
M
ar
. 0
1
A
ug
. 0
1
Ju
ne
 0
2
M
ar
. 0
3
Se
pt
. 0
3
M
ar
. 0
4
M
ar
. 0
5
Iro
n 
C
on
c.
 (µ
g/
g)
BBC
LBC
b
bb
b b,c
a
a,c
N
ot
 A
na
ly
ze
d
N
ot
 A
na
ly
ze
d A,D,E
B
C
C,D,E
E
C,D
C
 88
  89
Figure 2.28, continued. Metal concentrations in whole-body stoneroller minnows (µg/g 
wet tissue) collected September 1997 through March 2005 from Big Bayou (BBC) and 
Little Bayou creeks (LBC). Means ± SEM for n=264 (BBC) and n=81 (LBC) individual 
fish. Means with different letters (see text) are significantly different (Duncan’s MRT, 
p<0.050). 
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 Chapter 3: Use of sunfish and stoneroller minnows as real-time in-situ biomonitors 
of PCB contamination in freshwater streams 
 
Reproduced with permission from “Use of sunfish and stoneroller minnows as real-time 
in-situ biomonitors of PCB contamination in freshwater streams. 2006. Environ. Sci. 
Technol. 40(14):4388-4393”. Copyright 2006 American Chemical Society. 
 
3.1 Abstract 
A long-term polychlorinated biphenyl (PCB) monitoring study was conducted for 
two moderately impacted freshwater streams in Kentucky. Stream water, sediment, and 
fish were analyzed for Aroclors 1248, 1254, and 1260 during 1988-2005. Only 8 of 263 
water samples showed detectable PCBs. The low occurrences of PCB detections in 
stream water indicated that PCBs were transitory in the water column, rapidly mobilizing 
into biotic and sediment compartments. One component of this study focused on species-
specific patterns of PCB residues in fish, especially the green sunfish (Lepomis 
cyanellus), longear sunfish (L. megalotis), bluegill (L. macrochirus), and stoneroller 
minnow (Campostoma anomalum). Stoneroller minnows had higher PCB concentrations 
and increased frequency of detection when compared to sport fish. Aroclor 1248 was 
detected 80% of the time in stoneroller minnows from Big Bayou creek, whereas it was 
only detected in 25-39% of sport fish. In comparison, Aroclors 1254 and 1260 in sport 
fish were detected 49-69% of the time. These results indicate that higher chlorinated PCB 
congeners, found in Aroclors 1254 and 1260, were not as readily metabolized and 
excreted by sport fish. No relationships were found between sunfish age and PCB 
concentrations, which demonstrated that sunfish exposed to low PCB contamination can 
effectively regulate PCBs, regardless of age. In addition, at low PCB levels (<0.50 µg/g), 
green sunfish body burden did not correlate with lipid content. A certain PCB threshold 
concentration, ≥1.00 µg/g, must be exceeded before correlations between PCB body 
burden and lipid content are observed. These results indicate that, at least for species such 
as the sunfish, the use of the octanol-water partition coefficient (Kow) under low-level 
PCB exposure would appear to have little predictive value. Studies by Sanborn et al. 
(1975) found the green sunfish to be particularly adept at metabolizing organochlorine 
compounds and PCBs. This field study supports their laboratory findings. Green sunfish 
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 may have an enhanced P450 system, or due to low body lipid content, more effectively 
shunt PCBs into metabolic pathways that detoxify these compounds. 
 
3.2 Introduction 
 The use of biological monitors or sentinel species has a long history and offers an 
effective means for measuring bioavailability and summarizing complex patterns of 
contamination (2). The use of fish, shellfish, and other wildlife species in coordinated 
environmental monitoring programs can be valuable and provide cost-effective 
mechanisms for assessing the bioavailability of environmental contaminants (4). A 
difficult aspect of risk assessment is the accurate determination of the bioavailable 
fraction(s) of analyzed concentrations of environmental contaminants, including 
polychlorinated biphenyls (PCBs). Preferably, determination of PCB bioavailability 
should include all assimilative chemicals from different avenues of exposure, including 
dietary uptake. Lower and Kendall (3) concluded that sentinel species do assimilate 
bioavailable contaminants from all avenues of exposure over time and spatial 
distribution. 
 Five sport fish were selected for the study and included: green sunfish (Lepomis 
cyanellus) (GS), longear sunfish (L. megalotis) (LS), bluegill (L. macrochirus) (BG), 
largemouth bass (Micropterus salmoides) (LMB), and the yellow bullhead catfish 
(Ameiurus natalis) (YBH). The stoneroller minnow (Campostoma anomalum) (SR), a 
forage species, also was studied. As described by Werner and Hall and by Etnier et al. 
(92-94), green sunfish and longear sunfish are usually found in shallow areas near the 
shore, but the bluegill prefers the water column of the littoral zone. Sediment deposition 
usually occurs away from the main stream channel and can result in the deposition of 
sediments near stream banks (berming), which increases the prospects of PCB uptake by 
green and longear sunfish. All three species of sunfish have a limited home-range and 
were relatively abundant in both streams included in this study. The green sunfish is of 
particular importance, as studies by Sanborn et al. (102) found this species to be 
particularly adept at metabolizing organochlorine compounds (DDT, DDE) and PCBs 
known to persist in the environment. Their studies also indicated that green sunfish 
metabolized lower chlorinated biphenyls more effectively than higher chlorinated PCBs.  
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 Sanborn et al. (103) determined that for green sunfish the apparent half-life values for 
elimination of hexachlorobenzene in muscle was 8.5 d. The authors also indicated that 
the muscles would clear faster than other tissues and contain fewer metabolites, thus 
further reducing residues in the edible fillet. These results are consistent with data 
presented by Safe (104). In results presented by Robison (13) green sunfish fillet 
concentrations ≥2.0 µg/g decreased precipitously within two to three months after PCB 
remediation was undertaken.  
As a top predator, the largemouth bass diet consists of fish and crayfish, which 
could possibly lead to PCB biomagnification in their tissues. Both the stoneroller minnow 
and the yellow bullhead were selected since these bottom feeders tend to have higher 
lipid content and are in direct contact with and ingest contaminated sediments. In the 
past, our laboratory has focused on the stoneroller minnow as an instream sentinel 
monitor of metal exposure. In a study by Birge et al. (78) correlations between stoneroller 
minnow metal body burden with biological and ecological effects were reported. In their 
study, the stoneroller minnow body burden was used to develop multipliers which could 
be applied to total recoverable water column metal to calculate bioavailable metal 
concentrations and determine exposures that produced ecological impact. The stoneroller 
minnow is a herbivorous primary consumer with a limited home range. Its habitat 
consists mainly of riffles and shallow pools in clear creeks to small rivers with moderate 
to steep flow. The stoneroller minnow is widely distributed in the United States and 
contains higher lipid content as compared to sport fish. Hill and Napolitano (116) 
described that the periphyton diet of the stoneroller minnow accounts as one of the major 
PCB exposure routes. Since stoneroller minnows reside on the stream bottom, they come 
into direct contact with contaminated sediments resulting in dietary as well as respiratory 
routes of uptake. The stoneroller minnow is well suited as a sentinel monitor and it 
fulfills many of the characteristics described for a sentinel by Beeby and the National 
Research Council (2,4). 
The objectives of this study were to determine PCB uptake and bioconcentration 
in different fish species residing in low-level PCB contaminated freshwater streams, and 
to define biologically available PCBs. In addition, PCB uptake and elimination patterns 
by the different sunfish species and organisms of different age were evaluated. One other 
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 question addressed concerns the possibility of a persistent “baseline” PCB body burden 
that is not metabolized over time. 
 
3.3 Materials and Methods 
 The Bayou Creek system located in western Kentucky was selected for this study. 
This system consists of two moderate gradient freshwater streams, Big and Little Bayou 
creeks, which converge and drain into the Ohio River. Both streams have been 
moderately impacted by PCBs originating from the Paducah Gaseous Diffusion Plant 
(PGDP). The plant discharges 8 continuously-flowing and 9 intermittently-flowing 
effluents monitored under the Kentucky regulatory Pollutant Discharge Elimination 
System (KPDES). Environmental compliance at the site falls under the Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA) and the Resource 
Conservation and Recovery Act (RCRA) regulations. PCBs at the site, which include 
transformers, capacitors, electrical equipment, and open systems (i.e., ventilation 
gaskets), are regulated by the Toxic Substances Control Act (TSCA). In 1989 the 
Kentucky Department for Environmental Protection issued a fish consumption advisory 
for Little Bayou creek to encompass 6.5 miles (10.5 Km) of the stream. Figure 1 is an 
illustration of the Bayou Creek system indicating the collecting locations, the position of 
the continuously flowing effluents, and distances from the Ohio River. The collecting 
sites on Big Bayou Creek, in downstream order, include BB1A, BB1, and BB3 through 
BB9. Station BB2 was situated on an unnamed tributary that enters Big Bayou Creek just 
upstream of station BB3 (Figure 3.1). The collecting sites on Little Bayou Creek, in 
downstream order, include LB1, LB2A, LB2, LB3, and LB4. The reference stations 
included BB1A, BB1, BB2, and LB1. In addition, the west fork of Massac Creek (MC) was 
sampled and served as a reference station independent of the Bayou Creek system. 
Fish were collected by use of a back-pack shocker and/or seining.  Deeper runs 
and pools were sampled using a shocking system mounted on a small barge, as described 
by Price et al. (132). Collection of fish was restricted to sizes large enough to be taken by 
fisherman. Smaller fish were taken only if the size requirement was not met. Limited fish 
sampling was conducted at each station to decrease the potential of over-fishing the 
streams. Fish that did not meet our requirements were returned to the stream.  Collected 
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 fish were wrapped in aluminum foil, sealed, and placed on ice (4 °C) for transport to the 
laboratory.  Fish species were identified and stored in the freezer (-15 °C) until 
extraction. Fish were measured for length and whole body weight, and fillets were taken 
with solvent-cleaned surgical instruments.  The fillets were then weighed and macerated 
as described below. The whole body of the stoneroller minnow was extracted for PCBs 
after the gastrointestinal tract (i.e., viscera) was removed. This viscera was extracted and 
analyzed separately and the final results were combined. Otoliths (sagittae) were removed 
from sunfish and bass for age determinations, as described by Boxrucker (134). Otolith 
age could not be determined for stoneroller minnows and yellow bullheads. PCBs in fish 
tissues were extracted and analyzed using standard U.S. EPA methods (11,133,135). All 
solvents used were pesticide grade and were screened for organic contaminants prior to use.  
The muscle fillet samples were ground with 10 g of anhydrous sodium sulfate and the 
powder was extracted with petroleum ether in a Soxhlet apparatus for 5-h. The extracts 
were concentrated to near dryness in a Rotoevaporator (Buchi model RE121). 
Reconstituted samples (5.0 mL in iso-octane) were then cleaned of interferences as 
described below and analyzed by gas chromatography.  A 1.0 mL subsample was taken 
for lipid determinations prior to cleanup. 
 In addition to fish, stream water and sediments were collected and analyzed. 
Water samples for PCB analyses were collected in I-Chem® chemically cleaned; 1-L 
amber glass jars with Teflon-lined caps. Samples for PCB determinations were placed on 
ice until delivery to the laboratory and maintained under refrigeration (4 °C) until 
extraction. Liquid-liquid extractions were performed within 7 d of collection following 
U.S. EPA methods (133). One-liter aqueous samples were extracted 3 times with 60-mL 
of methylene chloride and concentrated to near dryness in a Rotoevaporator. The 
reconstituted samples (2.0 mL in iso-octane) were cleaned of interferences and then 
analyzed by gas chromatography.  Sediment samples were collected with stainless steel 
scoops and/or spoons near mid-stream and taken to a depth of 10 cm, including 
depositional areas when found.  All sediment samples were collected in acetone-rinsed 
0.47 L glass jars with Teflon, or aluminum foil-lined lids. Instruments used for 
collections were acetone-rinsed between sampling stations. Wet sediment extractions of 
PCBs were performed following U.S. EPA procedures (11,133).  Weighed subsamples  
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 (55.39 ± 0.68 g) were extracted with 300 mL of acetone/methylene chloride (1:1. v:v) in a 
500-mL Soxhlet extractor for 15 h.  The extract was concentrated to near dryness in a 
Rotoevaporator, and further concentrated with ultrapure nitrogen gas. The reconstituted 
samples (5.0 mL in iso-octane) were cleaned of interferences and then analyzed by gas 
chromatography. 
 Lipid and pesticide cleanup was performed according to procedures given by 
Erickson and U.S. EPA (11,133). Cleanup was performed by eluting a 2.0-mL sample 
through a micro-column of activated 100-200 mesh FLORISIL (100 °C /24 h) followed 
with 10.0 mL of hexanes and evaporated to 2.0 mL (11). Elemental sulfur was then 
removed by shaking 2-propanol (2 mL) and tetrabutylammonium sulfite (2 mL), adding 
ultrapure water (8 mL), and reshaking.  The organic extract was removed and mixed with 
2.0-mL of concentrated sulfuric acid (133,136). A 4-μL subsample was then analyzed by 
gas chromatography.   
 Aroclors studied involved Aroclors 1248, 1254, and 1260 that were observed at 
the plant site and in the affected stream system. Analysis was performed using a Hewlett-
Packard (HP) model 5890A gas chromatograph equipped with an electron capture 
detector and an HP model 7673A Automatic Sampler.  Samples were analyzed with a 60 
m x 0.53 mm i.d. SPB-5 (0.5-μm film) fused silica megabore column (Supelco, Inc.). The 
temperature program was as follows: 160 °C (6 min), ramped at 10 °C /min to 235 °C (0 
min), ramped at 0.9 °C /min to 260 °C (10 min); Injector temperature, 280 °C; Detector 
temperature, 300 °C. Ultrahigh purity helium and nitrogen were used as carrier and 
makeup gases, respectively.  Aroclor levels were calculated from heights of 6-9 peaks for 
Aroclors 1248 and 1260 and 4-6 peaks for Aroclor 1254.   Peak heights were quantified 
using an HP model 3396A integrator and multiple-peak linear regression analysis was 
performed with LOTUS-123® software.  Five external standards were used to establish 
calibration curves and, during analysis, every tenth sample included either a solvent blank 
or a standard.  Spiked sediment recoveries were also analyzed and Aroclor 1248 
recoveries averaged 97.75±8.98 %.  Statistical procedures were performed at the 
University of Kentucky Center for Statistical Computing Support. Statistics included 
Analysis of variance (ANOVA), Tukey’s HSD, Dunnett C, and Pearson's correlation 
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 coefficients, which were calculated using SPSS® Version 13.0 for Windows  statistical 
software.   
 
3.4 Results and Discussion 
A total of 16 surveys were conducted during the period 1988 through 2005 from 
which 848, 351, and 48 fish were collected and analyzed from Big and Little Bayou 
Creeks and Massac Creek, respectively. The fish from Big Bayou Creek consisted of 229 
stoneroller minnows (SR), 181 green sunfish (GS), 276 longear sunfish (LS), 79 bluegill 
(BG), 29 largemouth bass (LMB), and 54 yellow bullhead catfish (YBH). Fish collected 
from Little Bayou creek consisted of 74 SR, 112 GS, 103 LS, 35 BG, 7 LMB, and 20 
YBH. Fish collected from Massac creek consisted of 22 SR, 15 GS, 9 LS, 1 BG, and 1 
YBH. A total of 263 water samples were analyzed from both stream systems with only 8 
samples showing detectable PCBs. The infrequent PCB detections in stream water 
indicated that PCBs were transitory in the water column and rapidly accumulated in 
biotic and sediment compartments. Based on data from Robison (13), it was determined 
that stream water PCBs in a highly contaminated stream decreased by 80% within 10 
min. of downstream transport. Erickson (11) indicated that modeling based on water 
solubility may be inappropriate since PCBs do not exist at appreciable concentrations in 
water due to their high octanol-water partition coefficient (Kow). Exposure of fish species, 
therefore, resulted mostly from contaminated sediments, suspended particulates, and the 
food web. A total of 211 and 99 stream sediment samples were analyzed during 1988 
through 2005 for Big and Little Bayou creeks, respectively. In Big Bayou creek 
sediments, Aroclor concentrations (mean ± SEM, µg/Kg) for all stations were as follows: 
(a) 80.23 ± 26.14, (b) 22.75 ± 7.00, and (c) 16.26 ± 6.12 for Aroclor 1248, 1254, and 
1260, respectively. Sediment Aroclor 1248, 1254, and 1260 concentrations for all stations 
in Little Bayou creek were as follows: (a) 120.96 ± 33.00, (b) 49.54 ± 11.66, and (c) 
30.83 ± 9.13 µg/Kg. PCB concentrations were approximately two times higher in Little 
Bayou creek as compared to Big Bayou creek. Consideration was given to possible 
affects of environmental weathering of Aroclor 1248 and to what extent that could affect 
the analysis of Aroclors 1254 and 1260. However, based on peak selections and strong 
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 chromatographic patterns, it was concluded that the identification and quantification of 
the three Aroclors were accurate. 
Results for Aroclor concentrations and lipid content in fish are shown in Figure 
3.2. Lipid levels were much higher for the stoneroller minnow as compared to the sport 
fish. The higher lipid content in stoneroller minnows possibly accounted, in part, for the 
higher PCB body burden in this species, but this also could be due to other factors (i.e., 
metabolism, route of exposure). PCB body burden for stoneroller minnows from Big 
Bayou creek were significantly different (Dunnett C, p<0.05) from that found in sport 
fish (Figure 3.2A). Aroclor 1248 was not significantly different among the sport fish. The 
green sunfish had slightly higher Aroclor 1254 levels as compared to the other sport fish, 
except for the longear sunfish. The largemouth bass had the lowest Aroclor 1260 levels 
(0.08 ± 0.01 µg/g) and differed from levels found in the stoneroller minnow, green 
sunfish, and longear sunfish. As expected, PCB concentrations were higher in fish from 
Little Bayou creek (Figure 3.2B). Aroclor 1248 body burden in the stoneroller minnow 
was significantly different (p<0.05) from that of all other fish, except the largemouth 
bass. Among the sport fish from Little Bayou creek, Aroclor 1248 concentrations were 
not significantly different. As for Aroclor 1254 body burden, the only difference 
observed was between the stoneroller minnow compared with the green sunfish and the 
yellow bullhead. Aroclor 1260 concentrations in the stoneroller minnow were 
significantly different from concentrations found in sport fish, while comparisons among 
sport fish indicated no significant differences. 
Percent frequencies of detection for PCBs in fish are given in Table 3.1. Aroclor 
1248 was detected 80% of the time in stoneroller minnows from Big Bayou creek, 
whereas it was only detected 25-39% of the time in sport fish. In addition, Aroclors 1254 
and 1260 were detected 49 to 69% of the time in sport fish. This difference in PCB 
detections also was observed and was more accentuated in fish from Little Bayou creek. 
Aroclor 1248 was detected 95% of the time in stoneroller minnows from Little Bayou 
creek. In comparison, Aroclor 1248 was detected 41 to 56% of the time in sunfish. 
Higher chlorinated PCBs, such as Aroclors 1254 and 1260, which are less readily 
metabolized were more persistent in sport fish, and this is consistent with previous 
investigations (102,103,143). The lower body burden concentrations and frequencies of 
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 detection for the largemouth bass and the yellow bullhead were probably due to the 
young age of the specimens collected, resulting in less exposure and bioaccumulation 
time. The majority of the largemouth bass collected ranged in age from <1 to 2+ years 
old, with only one specimen at 4+ years of age. Yellow bullhead collected were small in 
size, with average lengths (mean ± SEM, mm) of 152 ± 6 and 160 ± 9 for Big and Little 
Bayou creeks, respectively. Based on results, frequency of PCB detection, particularly in 
sunfish, may be a useful tool in environmental assessment of less impacted stream 
systems.  
Figure 3.3 shows the yearly trends for PCB concentrations in green sunfish from 
Big Bayou creek. Some remediation was conducted at the plant site during 1991. Aroclor 
concentrations in the green sunfish decreased below 0.50 µg/g after remediation. The 
PCB body burden in green sunfish can drop to “baseline” within a few months after PCB 
remediation (13). We are defining the “baseline” PCB concentration as the overall body 
burden that falls below a threshold concentration that may be required to trigger 
metabolism of PCBs. However, further studies will be required to establish this 
hypothesis and define the threshold. Other studies which address this concept are 
discussed below. 
Green sunfish PCB concentrations plotted against age for both streams are shown 
in Figure 3.4. Fish from Little Bayou creek ranged in age from <1 to 3 years old and no 
4-year-old specimens were found. PCBs were expected to increase with fish age, 
however, green sunfish data indicated that Aroclor fillet concentration was not age-
dependent. Although 2-year-old fish in Big Bayou creek had the highest Aroclor 1248 
concentrations (Figure 3.4A), there were no significant differences among age classes 
(Tukey’s HSD, p<0.05). Also, for Aroclor 1260, no significant differences were observed 
between age classes. When comparing PCB body burden against age for fish from Little 
Bayou creek, no significant differences (Tukey’s HSD, p<0.05) were observed for the 
three Aroclors (Figure 3.4B). However, it is interesting to note that in Little Bayou creek 
there was a trend in which 1-year-old fish had the highest Aroclors 1248 and 1254 
concentrations and older fish had less PCB body burden. The lack of a statistically 
significant relationship between PCB concentration and age also was observed for the 
longear sunfish and bluegill. These results indicate that sunfish can effectively regulate 
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 PCBs, regardless of age. As indicated above, age for the majority of the largemouth bass 
collected only ranged from <1 to 2 years. However, PCB concentrations increased with 
age for all three Aroclors tested. Aroclor 1248 in largemouth bass (mean ± SEM, µg/g) 
for ages of <1, 1, and 2 years were the following: (a) not detected, (b) 0.19 ± 0.05, and (c) 
1.92 ± 0.85, respectively. Average Aroclor 1254 concentrations (µg/g) were: (a) 0.14 ± 
0.04, (b) 0.34 ± 0.19, and (c) 1.09 ± 0.70, respectively. Despite limitations on age 
distribution, these results show that the largemouth bass is not as effective as the sunfish 
in regulating PCB exposure. 
PCB body burden (Aroclors 1248 and 1260) compared to fish lipid content is 
presented graphically in Figures 3.5 and 3.6. Although PCB body burden is usually 
correlated with fish lipid content, the results from Big Bayou creek indicated that, at 
lower levels of PCB contamination (<0.50 µg/g), the green sunfish body burden did not 
correlate with lipid content (Figures 3.5A and 3.6A). With higher PCB concentrations, as 
observed in fish from Little Bayou creek, the correlation of body burden and fish lipid 
was somewhat more evident, but not statistically significant (Figures 3.5B and 3.6B). It 
appears that a certain PCB threshold concentration (≥1.00 µg/g) must be exceeded before 
there is a clear correlation between fish PCB body burden and lipid content. These results 
indicate that the use of the octanol-water partition coefficient (Kow) under low-level PCB 
exposure also would appear to have little predictive value. The failure of predicting body 
burden in fish based on the equilibrium partition concept also was noted by Thomann 
(119). In addition, the predictive value of the Kow in risk assessment has been affected by 
the variability of reported Kow values and this has resulted in higher remediation costs 
(144). Barron (145) concluded that lipid content is one determinant of hydrophobic 
organic compound accumulation, but may not be as important as previously speculated. 
Results from this study also indicate that sunfish may have a unique system of 
regulating PCB body burden. A certain PCB threshold concentration (≥1.00 µg/g) may be 
necessary for the activation of metabolic pathways and the eventual elimination/excretion 
of PCBs. Below this threshold, a PCB “baseline” concentration may persist (Figures 3.2A 
and 3.3). A similar threshold concentration effect was presented by Sokol et al. (140) 
during their investigations of microbial PCB dechlorination. Results from their study 
demonstrated that there was no microbial dechlorination of PCBs at or below 35 µg/g 
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 after 58 weeks of incubation. Studies by Sanborn et al. (102) found the green sunfish to 
be particularly adept at metabolizing PCBs. Sunfish, particularly the green sunfish, 
possibly either have an enhanced P450 system and metabolize most PCB congeners more 
rapidly, or due to their low lipid content, more effectively shunt PCBs from the lipid 
stores into metabolic pathways that detoxify these compounds. These results are in 
agreement with Niimi and Oliver (15) who observed a decrease in muscle PCB in 
rainbow trout (Oncorhynchus mykiss) resulting from decreasing lipid levels and possible 
PCB redistribution within the fish. Similarly, Stapleton et al. (146) indicated that the deep 
water sculpin (Myoxocephalus thompsoni) had an enhanced metabolic capacity toward 
certain PCB congeners. Current studies are being conducted that will determine PCB 
depuration rates from green sunfish and the stoneroller minnow. In addition, congener 
specific analyses are being performed to determine those most prone to bioaccumulate. 
In general, higher chlorinated PCBs persists for longer periods of time in fatty 
tissues (147). Also, due to selective biotranformation, as PCBs pass up biological food 
chains there is a loss of the lower chlorinated components (148). The presence of Aroclor 
1248 in both green sunfish and the stoneroller minnow would indicate that some degree 
of PCB contamination was recent. Therefore, the green sunfish is a better “real-time” 
indicator as to the success of PCB remediation, whereas the stoneroller minnow likely is 
a better indicator of historical contamination. 
Large numbers of analyses were conducted on water, fish, and sediments. In 
summary, PCBs were detected infrequently in stream water, whereas these contaminants 
were routinely found in sediments. Lipid content among different fish species differed 
significantly. However, PCB body burden or fillet PCBs did not correlate with lipid 
content, even though tissue Aroclor 1248 residues in green sunfish from Little Bayou 
creek ranged up to 2.82 µg/g. In addition, except for the largemouth bass, PCB residues 
in sunfish did not vary with age. The findings of this study also support the concerns that 
Kow determinations are not predictive of PCB residues in different fish species at or 
below PCB body burdens up to 2.0 µg/g or more. In addition, detection of PCB residues 
consistently were lower in sunfish, particularly the green sunfish, than other fish species 
studied. These field results support findings by Sanborn et al. (102) that these species 
metabolize PCBs more rapidly than other fish species. Accordingly, the green sunfish 
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should be regarded as a better real-time indicator of PCB contamination and success of 
PCB remediation. 
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 Table 3.1. Frequencies of detection (%) for Aroclors 1248, 1254, and 1260 in fish species 
collected 1988-2005 from the Bayou Creek system. 
 
 
 Big Bayou Creek Little Bayou Creek 
 n 1248 1254 1260 n 1248 1254 1260 
Stoneroller minnow 229 85.2 64.2 81.2 74 94.5 83.6 97.3 
Green sunfish 181 24.9 60.8 53.0 112 45.5 75.0 70.5 
Longear sunfish 276 29.7 63.4 52.9 103 52.7 75.9 73.2 
Bluegill 79 39.2 53.2 49.4 35 55.6 61.1 66.7 
Largemouth bass 29 27.6 69.0 72.4 7 71.4 85.7 100.0 
Yellow bullhead 54 18.5 53.7 68.5 20 57.1 85.7 90.5 
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Figure 3.1. Location of sampling sites and main effluent discharges in Big (BB) and 
Little (LB) Bayou creeks in relation to the Paducah Gaseous Diffusion Plant (PGDP), 
McCracken County, Kentucky. Numbers in parentheses represent distance from the Ohio 
River in Km. Main effluents are shown as lines originating from the plant. 
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Figure 3.2. Aroclor concentrations (mean ± SEM) and lipid content in fish collected from 
Big Bayou (A) and Little Bayou (B) creeks, 1988-2005. These results are based on assays 
of 1247 fish. As seen in Figure 2B, lipid content did not correlate with Aroclor 
concentrations. [Fish species are (SR) stoneroller minnow, (GS) green sunfish, (LS) 
longear sunfish, (BG) bluegill, (LMB) largemouth bass, and (YBH) yellow bullhead 
catfish]. 
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 Figure 3.3. Yearly PCB concentrations (mean ± SEM, µg/g) in green sunfish from Big Bayou creek. Note the rapid drop in fillet PCB 
after remediation was conducted 1989-1991. After 1989 there was little year to year variability in PCB tissue concentrations.
1.80
1248
1.60 1254
1260
1.40
A
r
o
c
l
o
r
 
C
o
n
c
.
 
(
µ
g
/
g
)
 
1.20
1.00
0.80
 
105
0.60
0.40
0.20
0.00
1987 1988 1989 1991 2001 2002 2003 2004 2005
Year
  106
Figure 3.4. Aroclor concentrations (mean ± SEM) against age (years) in green sunfish 
from Big Bayou (A) and Little Bayou (B) creeks, 1988-2005. No significant correlations 
were observed between age of the green sunfish and PCB concentrations. 
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Figure 3.5. Aroclor 1248 concentrations against fish lipid content in green sunfish from 
Big Bayou (A) and Little Bayou (B) creeks, 1988-2005. 
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Figure 3.6. Aroclor 1260 concentrations against fish lipid content in green sunfish from 
Big Bayou (A) and Little Bayou (B) creeks, 1988-2005. 
 
 Chapter 4: Seasonal variability of polychlorinated biphenyl (PCB) concentrations in 
stoneroller minnows and sunfish from moderately impacted freshwater streams 
 
4.1 Abstract 
The hypothesis of this study was that seasons have different stream flows and the 
different flows will mobilize polychlorinated biphenyls (PCBs) differently, resulting in 
fish PCB body burdens that vary seasonally. Monitoring was conducted on two 
moderately impacted freshwater streams in Kentucky. Stream water, sediments, 
floodplain soils, sunfish, and stoneroller minnows were analyzed for Aroclor 1248, 1254, 
and 1260 during spring (high-flow) and summer (low-flow) periods. Limited PCB 
detections in stream water indicated that PCBs were transitory in the water column and 
rapidly mobilized into biotic and sediment compartments. Sediment Aroclor 1248 
concentrations were lower during summer, whereas Aroclors 1254 and 1260 were less 
influenced by seasonal variations and were more persistent. High frequency of PCB 
detections in floodplain soils indicated recent influx of contaminated sediment particles 
following high-flow events, therefore floodplain soils acted as sinks for higher 
chlorinated PCB mixtures with potential for becoming PCB sources during subsequent 
high-flow events. Tissue concentrations and flow comparisons revealed no correlations 
for any species. Summer Aroclor concentrations in stoneroller minnows were 
significantly higher than spring levels, although the seasonal differences became less 
distinct for Aroclors 1254 and 1260. Similar results were found in stoneroller minnow 
viscera. Sunfish results were opposite those found for stoneroller minnows. Based on the 
findings, I propose that sunfish readily uptake PCBs during spring, but are able to 
eliminate them by summer, whereas lipid storage of PCBs may be occurring in the 
stoneroller minnow resulting in higher summer body burdens. Seasonal variability of 
PCBs in sunfish may be due to their unique ability of regulating PCB body burden. I 
propose that sunfish either have an enhanced P450 system, or due to rapid lipid turnover, 
more effectively shunt PCBs into metabolic pathways that detoxify these compounds. 
Results from this field study demonstrate that seasonal variability can alter PCB 
bioavailability, resulting in differing PCB body burdens. 
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 4.2 Introduction 
 Seasonal variations, their impacts on stream hydrology, and the subsequent 
mobilization of contaminated stream sediments play important roles in contaminant 
exposure to aquatic organisms. Transport of polychlorinated biphenyls (PCBs) and other 
contaminants in streams and rivers can occur either by being dissolved in the water 
phase, by adsorption to suspended sediments, or by the contaminated bedload or bed 
sediments moving along the river bottom (20,21). This transport of PCBs can be altered 
by seasonal variations in physical and chemical parameters and thus modify the 
bioavailability of contaminants (23,121,149,150). Three processes which may occur 
during high-flow events in stream systems include (A) increased stream channel width, 
thus increasing potential exposure to more contaminated stream bed sediments, (B) 
suspension, resuspension, and remobilization of sediment particles within the water 
column, and (C) additional influx of PCBs from floodplain soils. Cushing et al. (151) 
indicated that particles in surficial sediments exchange rapidly with the water column and 
migrate downstream several kilometers per day. Bush et al. (22) and Sethanjintanin and 
Anderson (23) noted that resuspension of sediments during high rainfall events can also 
cause temporary rises in PCB concentrations in the water. Floodplain soils can be 
important non-point sources of PCBs and other contaminants to riverine systems. 
Sediments deposited on the floodplain can become sinks for long term storage of 
nutrients, PCBs, and other contaminants (121-126). Wallings et al. (121) indicated that 
long term storage of contaminants by floodplain soils can cause underestimation of 
contaminant fluxes obtained from downstream locations and that the transport of 
contaminated sediments through a river system may be underestimated. In addition, the 
authors indicated that remobilization of contaminated floodplain deposits can reintroduce 
contaminants into the river system long after the activities causing the pollution have 
terminated. 
 Ingestion also can be an important route of exposure of contaminants to aquatic 
organisms (21,152). This dietary exposure becomes more important in the case of benthic 
organisms, that are in close proximity with and ingest sediment particulates. The 
stoneroller minnow (Campostoma anomalum) (SR), a forage species, was selected for 
this study since these benthic feeders are in direct contact with and ingest contaminated 
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 sediments, resulting in dietary, dermal and respiratory routes of uptake. Stoneroller 
minnows are well suited as sentinel monitors and fulfill many of the characteristics 
described for a sentinel by Beeby and the National Research Council (2,4). The 
stoneroller minnow is a herbivorous primary consumer with a limited home range. Its 
habitat consists mainly of riffles and shallow pools in clear creeks to small rivers with 
moderate to steep flow. The stoneroller minnow is fairly abundant in the United States 
and contains higher lipid content than sport fish. In the past, our laboratory has focused 
on the stoneroller minnow as an instream sentinel monitor of contaminant exposure 
(78,130). In a study by Birge et al. (78) correlations between stoneroller minnow metal 
body burden and both biological and ecological effects were reported. In their study, 
stoneroller minnow body burden was used to develop multipliers which could be applied 
to total recoverable water column metal to calculate bioavailable metal concentrations. 
Hill and Napolitano (116) described that the periphyton diet of the stoneroller minnow is 
one of the major PCB exposure routes.  
In addition to stoneroller minnows, sunfish were selected for the study and 
included green sunfish (Lepomis cyanellus) (GS), longear sunfish (L. megalotis) (LS), 
and bluegill (L. macrochirus) (BG). As described by Etnier et al. and Werner and Hall 
(92-94), green sunfish and longear sunfish are usually found in shallow areas near the 
shore, but the bluegill prefers the water column of the littoral zone. As PCB 
concentrations tend to be more elevated at or near stream banks, the habitat preference of 
green and longear sunfish may present greater prospects for PCB uptake. The authors 
indicated that the green sunfish is a sit-and-wait predator that utilizes a wider food size 
spectrum than the bluegill. All three species of sunfish have a limited home-range and 
were relatively abundant in both streams monitored for this study. The green sunfish is of 
particular importance because of their ability to eliminate PCBs rapidly as compared to 
other species. Studies by Sanborn et al. (102) found this species to be particularly adept at 
metabolizing organochlorine compounds (DDT, DDE) and PCBs known to persist in the 
environment. Their studies indicated that green sunfish metabolized lower chlorinated 
biphenyls more effectively than higher chlorinated PCBs. As an example of the green 
sunfish efficiency, studies by Sanborn et al. (103) determined that for green sunfish the 
apparent half-life value for elimination of hexachlorobenzene in muscle was 8.5 d. The 
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 authors also indicated that the muscles would clear faster than other tissues and contain 
fewer metabolites, thus further reducing residues in the edible portion or fillet. These 
results are consistent with data presented by Safe (104). 
The objective of this study was to determine if seasonal changes that altered 
stream flow caused variations in PCB tissue concentrations in different fish species 
residing in low-level PCB contaminated freshwater streams. In addition, seasonal PCB 
uptake patterns in fish were compared to PCB concentrations in stream sediment and 
floodplain soils and their relationships evaluated. The hypothesis of this study was that 
seasons (i.e. spring and summer) have different stream flows and the different flows will 
mobilize PCBs differently, therefore resulting in different seasons having different fish 
PCB body burdens. The main postulate was that increased flow results in increased PCB 
concentrations in fish tissues. The spectrum of PCBs investigated included tri- through 
hepta-chlorinated PCB congeners found in Aroclors 1248, 1254, and 1260. 
 
4.3 Materials and Methods 
The Bayou Creek system located in western Kentucky was selected for this study. 
This system consists of two moderate gradient freshwater streams, Big and Little Bayou 
creeks, which converge and drain into the Ohio River. The streams are described in Price 
and Birge (130). Seven sampling events were conducted from 2001 through 2005 in 
which stream water, sediments, sport fish, and stoneroller minnows were collected. 
Descriptions of sampling and analysis procedures are given in Chapter 2 and in Price and 
Birge (130). A total of 263 water samples, 238 stream sediments, and 145 floodplain soil 
samples were analyzed from the Bayou Creek system. In order to study long-term trends, 
additional sunfish data collected from 1980 through 2000, including some values reported 
by Robison (13), were included in our analyses. Of the 11 surveys conducted from 1980 
through 2005, a total of 807 sunfish were collected and analyzed from Big and Little 
Bayou creeks and Massac creek. The fish from Big Bayou creek consisted of 251 
stoneroller minnows (SR), 192 green sunfish (GS), 285 longear sunfish (LS), and 80 
bluegill (BG). Fish collected from Little Bayou creek consisted of 72 SR, 112 GS, 103 
LS, and 35 BG. 
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 Daily stream flow measurements were obtained from the National Water 
Information System Web site (NWISWeb) maintained by the United States Geological 
Survey (USGS) (131).  There were three USGS gaging stations in the two stream systems 
studied and one gaging station in Massac creek. The gaging stations were Massac creek 
near Paducah, KY (USGS#03611260), Bayou Creek near Heath, KY at station BB1 
(USGS#03611800), Bayou Creek near Grahamville, KY at station BB8 
(USGS#03611850), and Little Bayou creek near Grahamville, KY at station LB4 
(USGS#03611900). The gaging stations encompassed a drainage area of 14.6 square 
miles (37.8 square Km) for MC; 6.6 square miles (17.0 square Km) for BB1; 14.9 square 
miles (38.6 square Km) for BB8; and 5.8 square miles (15.0 square Km) for LB4. Daily 
stream flows were downloaded from the USGS web site into Microsoft Excel worksheets 
where further statistical calculations were made. 
Water, sediment, floodplain soils, and fish collections and PCB analysis were 
conducted as described in Price and Birge (130). PCB mixtures studied involved Aroclors 
1248, 1254, and 1260 that were observed at the plant site and in the affected stream 
system. Statistical procedures were performed at the University of Kentucky Center for 
Statistical Computing Support. Statistics included t-tests; Analysis of variance 
(ANOVA); Tukey’s HSD; Duncan’s MRT; and correlation coefficients, which were 
calculated using SPSS® Version 13.0 for Windows and STATISTICA Version 5.5 
statistical software. 
 
4.4 Results and Discussion 
Stream flow was investigated to determine if seasonal variation existed. Daily 
flow measurements were averaged for February through May (spring) and June through 
September (summer). A summary of stream discharges for the USGS gaging stations are 
presented in Table 4.1. Monthly stream flows for station BB8 are represented graphically 
in Figure 4.1. Distinct variations in flow were evident between spring and summer. 
Significant differences (ANOVA, p<0.05) between spring and summer flow were 
obtained for 2002 through 2005 at stations BB8 and LB4. Flow at BB8 constitutes stream 
water from upstream Big Bayou creek, additional flow from continuously flowing PGDP 
effluents (i.e. 001, 006, 008, and 009), and occasional flow from intermittent flowing 
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 PGDP effluents (i.e. 007, 014, 015, 016, and 017). An additional 1.71 X 106 MGD of 
water enter Big Bayou creek from the continuously flowing effluents (153). During dry 
periods these continuously flowing effluents introduce approximately 85% of total stream 
flow within Big Bayou creek and 100% of flow within Little Bayou creek (82,84). From 
the 7 sampling events conducted 2001 through 2005, four collections were conducted 
during the spring and three collections were done in the summer. These collections were 
representative of either high-flow events (spring) or low-flow events (summer). 
Of the 263 water samples analyzed, only 8 samples showed detectable PCBs, with 
concentrations close to the minimum quantitation limit of 0.080 µg/L. Limited PCB 
detections in stream water indicated that PCBs were transitory in the water column and 
rapidly accumulated in biotic and sediment compartments. Based on data from Robison 
(13), we determined that stream water PCBs in a highly contaminated stream decreased 
by 80% within 10 min. Erickson (11) indicated that modeling based on water solubility 
may be inappropriate since PCBs do not exist at appreciable concentrations in water due 
to their large octanol-water partition coefficient (Kow). 
PCB concentrations in sediments and floodplain soils from the Bayou Creek 
system for Aroclor 1248, 1254, and 1260 are presented in Tables A-40, A-41, and A-42, 
respectively. Seasonal variations on frequency of detections of PCBs in sediments and 
floodplain soils are presented in Figure 4.2. Spring Aroclor 1248 frequency of detection 
in Big Bayou creek was 37 %, but Aroclor 1248 was not detected in the summer samples. 
Spring frequency of detections for Aroclor 1254 and 1260 were 41 and 39 %, 
respectively. During the summer, Aroclor 1254 was detected 30 % of the time, while 
Aroclor 1260 was detected 27 % of the time. In Little Bayou creek, Aroclor 1248 and 
1260 were detected at all stations during the spring, but summer frequencies of detections 
were 22 and 78 %, respectively. Aroclor 1254 was detected 50 % of the time during the 
spring and detected 81 % of the time during the summer. These results indicated that 
detections of Aroclor 1248 for both Big and Little Bayou creeks decreased during the 
summer periods, but the higher chlorinated mixtures (i.e. Aroclor 1254 and 1260) were 
not as influenced by seasonal variations and tended to be more persistent. 
Analyses of floodplain soils from Big Bayou creek showed that Aroclor 1248 was 
not detected for any of the stations during the spring and was only detected 9 % of the 
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 time during the summer (Figure 4.2, B). In contrast, spring and summer frequency of 
detections for Aroclor 1254 were 56 and 59 % and for Aroclor 1260 were 78 and 64 %. 
Similar trends were observed for PCBs in floodplain soils from Little Bayou creek. 
During the spring periods, frequency of detections for Aroclor 1248, 1254 and 1260 were 
67, 89, and 100 %, respectively. Summer detections were 33, 100, and 100 %, 
respectively. The increased detection of Aroclor 1248 in floodplain soils during the 
summer indicated that high-flow events in the spring likely deposited contaminated soils 
on floodplain areas. Based on these results, it appeared that floodplain soils were acting 
as sinks for the higher chlorinated PCB mixtures. These results are in agreement with 
results by Dawson and Macklin (124), Leece and Pavlowsky (122,123), Owens et al. 
(125), and Walling et al. (121). In addition, Malmon et al. (126) indicated that floodplain 
soils are an important non-point source of contamination to stream systems. 
Stream flow measurements were compared with Aroclor concentrations for 
individual fish in order to determine the effect of flow on Aroclor tissue concentrations. 
Graphical comparisons are presented in Figures 4.3 and 4.4 for Big and Little Bayou 
creeks, respectively. It was expected that PCB concentrations would increase with 
increasing flow, however, species-specific results were obtained. Although it appeared 
that for Big Bayou creek PCB body burden in green sunfish and longear sunfish 
increased as flow increased the results were not statistically significant (Figure 4.3). 
Higher PCB levels in Little Bayou creek resulted in stronger trends for green and longear 
sunfish (Figure 4.4). No statistical relationship was obtained between PCB body burden 
in stoneroller minnows and stream flow for Big Bayou creek. Whereas in Little Bayou 
creek, stoneroller minnow body burden decreased for Aroclor 1254 (Figure 4.4). Bluegill 
data for Big Bayou creek showed decreasing Aroclor 1248, however, due to low sample 
numbers the data were inconclusive. The findings do not support the conclusion that flow 
affects PCB body burden in fish. 
Differences in average length for all sunfish combined and stoneroller minnows 
were compared between spring and summer (Figure 4.5). Sample numbers (n) for sunfish 
from Big Bayou creek were 210 and 202 for spring and summer, respectively. For sunfish 
from Little Bayou creek (spring and summer) n = 123 and 127. For stoneroller minnows 
from Big Bayou creek (spring and summer) n = 93 and 76 and for Little Bayou creek n = 
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 42 and 32. The hypothesis was that larger fish would have higher PCB values. With a few 
exceptions, there were no significant differences (t-test, p<0.05) in sunfish length for the 
two seasons. The stoneroller minnow tended to be slightly larger in the spring and 
significant differences were observed for stations BB3, BB4, BB6, BB8, and LB2 (Figure 
4.5). The results indicate that fish length was not a factor in sunfish PCB body burden, 
but may play a role with stoneroller minnow PCB body burden. 
Total lipids for combined sunfish and stoneroller minnows were also compared 
between spring and summer (Figure 4.6). Sample numbers were the same as those for 
length comparisons. It was expected that lipids in sunfish would be lower during the 
spring, as sunfish utilize lipid stores during the winter. However, sunfish from most of 
the stations sampled had higher lipids during the spring, and lipid levels were 
significantly higher in fish collected in the spring (t-test, p<0.05) than those for the 
summer for stations BB4 through BB7, and most stations in Little Bayou creek (Figure 
4.6). In contrast, the stoneroller minnow demonstrated no differences in lipid content 
between seasons. These results possibly indicate a rapid lipid turnover in sunfish, thus 
leading to faster PCB uptake and elimination. 
Seasonal comparisons of Aroclor concentrations in fish from stations at and 
below the effluent receiving zone are presented in Figures 4.7 and 4.8 for Big and Little 
Bayou creeks, respectively. Aroclor concentrations in stoneroller minnow from Big 
Bayou creek were significantly higher (ANOVA, p<0.05) in the summer as compared to 
spring values. No statistically significant differences were observed between seasons for 
any of the sunfish tested from Big Bayou creek (Figure 4.7). Summer Aroclor 1248 and 
1254 values were significantly higher in stoneroller minnows from Little Bayou creek 
(Figure 4.8). Although Aroclor concentrations in sunfish from Little Bayou creek tended 
to be higher during the spring, significant differences were found only for Aroclor 1260 
levels in green and longear sunfish. As a comparison, individual sunfish species from the 
Bayou Creek system were grouped for each sampling event. The grouped sunfish 
included bluegills, green sunfish, and longear sunfish. Aroclor concentrations in grouped 
sunfish for each station are presented in Appendix Tables A-45, A-46, and A-47, 
respectively. Aroclor concentrations (mean ± SEM) in grouped sunfish fillets from 
individual Big and Little Bayou creeks stations at or below the effluent receiving zone are 
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 shown in Figures 4.9 and 4.10, respectively. PCB levels tended to be higher during the 
spring as compared to summer values and the differences were significant for station 
BB7, which was located downstream of all continuously flowing effluents in Big Bayou 
creek (Figure 4.9, A). In Little Bayou creek significant differences were observed at 
station LB2 for all Aroclor (Figure 4.10, A,B) and all stations for Aroclor 1260 (Figure 
4.10, C). These results are the converse of findings for the stoneroller minnow. One 
interpretation is that sunfish readily uptake PCBs during spring, but are able to eliminate 
them by summer, whereas in the stoneroller minnow (which has higher body lipids) lipid 
storage of PCBs may be occurring resulting in higher summer body burdens. 
Aroclor concentrations in whole-body stoneroller minnows for each station 
collected during spring and summer from Big and Little Bayou creeks are presented in 
Appendix Tables A-44 and A-45, respectively. Stoneroller whole-body Aroclor 
concentrations (mean ± SEM) from individual Big Bayou creek stations at or below the 
effluent receiving zone are shown in Figure 4.11. Aroclor 1248 levels in stoneroller 
minnows from stations BB3 through BB8 showed distinct significant differences (t-test, 
p<0.05) between spring and summer values (Figure 4.11, A). Only one stoneroller 
minnow from station BB9 had detectable PCBs and statistics could not be performed. For 
Aroclor 1254 and 1260 levels in whole-body stoneroller minnows, differences in 
concentrations between spring and summer were less distinct. Aroclor 1254 levels in 
stoneroller minnows were generally higher during the summer and significant differences 
(t-test, p<0.05) were observed for stations BB4, BB5, BB7, and BB8 (Figure 4.11, B). 
Although Aroclor 1260 levels in stoneroller minnows were higher in the summer, only 
stations BB5, BB7, and BB8 showed significant differences (Figure 4.11, C). 
Similar seasonal trends were observed for stoneroller minnows from Little Bayou 
creek and the results are presented in Figure 4.12. In general, Aroclor 1248 
concentrations in stoneroller minnows collected during the summer were higher and 
significantly different (t-test, p<0.05) at all sampling stations for Aroclor 1248 and 1254 
(Figure 4.12, A,B). Significant differences in Aroclor 1260 levels between spring and 
summer were only observed at station LB4 (Figure 4.12, C). 
To determine if dietary uptake of PCBs changed due to seasonal variations, PCBs 
in stoneroller minnow viscera were analyzed separately from the body. The results are 
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 shown graphically in Figures 4.13 and 4.14 for Big and Little Bayou creeks, respectively. 
In both streams we again observed higher concentrations of Aroclor 1248 during the 
summer as compared to spring data. In Big Bayou creek, Aroclor 1248 concentrations for 
June 2002 were significantly different (Duncan’s MRT, p<0.05) than other collection 
dates, but data from September 2003 did not differ from spring values (Figure 4.13, A). 
Seasonal differences were not observed for Aroclor 1254 and 1260 (Figure 4.13, B,C). In 
comparison, Aroclor concentrations in Little Bayou creek for September 2003 were 
different than spring values (Figure 4.14). The higher Aroclor 1248 concentrations during 
the summer may indicate that the stoneroller minnows are ingesting contaminated 
sediments remobilized during high-flow events in the spring. These results indicate that 
dietary exposure plays a significant role in risk assessment of organic contaminants and 
also can be affected by seasonal variations. However, more studies are required to 
confirm seasonal effects on dietary uptake of PCBs by the stoneroller minnow. 
Several studies have demonstrated high PCB concentrations in stream water due 
to high-flow conditions. Sethanjintanin and Anderson (23) observed a 2-fold increase in 
bioavailable PCBs in surface waters during high-precipitation and high-flow. Larsson 
(117) and Meharg et al. (118) noted higher water PCB levels during the summer as 
compared to winter. Results from this study agree with findings by Larsson (117), in 
which he reported increased PCB concentrations in water, zooplankton, and rudd (a 
cyprinid fish; Scardinius erythrophthalmus) during the summer. Zaranko et al. (16) also 
found that PCBs in fish were highest during the summer and lowest in the fall. The 
authors indicated that the scouring of bottom sediments due to heavy rainfall, 
bioturbation, and desorption process continuously redistributes PCBs and makes them 
bioavailable. Larsson et al. (154) noted that it has been proposed that PCB contaminated 
sediments are eroded during spring floods and taken up by downstream biota. Based on 
our findings, seasonal differences in stream flow and in PCB body burden for certain 
species were found, but these were not correlated. I propose that PCBs were being 
remobilized during high-flow events in the spring. These remobilized PCBs were then 
taken up by sunfish and stoneroller minnows, but the sunfish were able to metabolize 
and/or eliminate PCBs more effectively while the stoneroller minnow tended to retain 
PCBs through the summer. Seasonal variability in PCB concentrations in sunfish may be 
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 due to their unique ability of regulating PCB body burden. As described by Sanborn et al. 
(102), sunfish, particularly the green sunfish, are very efficient at metabolizing 
organochlorine compounds (DDT, DDE) and PCBs. Findings from this study and field 
results by our laboratory (130) corroborate the findings by Sanborn et al. (102). We had 
proposed that the sunfish either have an enhanced P450 system, or due to low lipids, 
more rapidly shunt PCBs into metabolic pathways that detoxify these compounds (130). 
 
4.5 Summary and Conclusions 
 
• The hypothesis of this study was that stream flows were different in the spring and 
summer and the different flows mobilized PCBs differently, therefore resulting in fish 
PCB body burdens that vary by season. 
 
• Based on our results from these moderately impacted streams, PCBs were transitory in 
the water column and mainly accumulated in biotic and sediment compartments. Both 
streams demonstrated distinct high- and low-flow periods which caused the 
remobilization and redistribution of PCBs.  
 
• Detections of sediment Aroclor 1248 concentrations were higher during the spring as 
compared to summer values, but the higher chlorinated mixtures (i.e. Aroclor 1254 
and 1260) were not as influenced by seasonal variations and tended to be more 
persistent. High number of detections of PCBs in floodplain soils indicated that they 
were receiving recently contaminated sediment particles following high-flow events 
and acting as sinks for the higher chlorinated PCB mixtures, with potential of these 
floodplain soils becoming PCB sources during subsequent high-flow events. 
 
• Comparisons between tissue concentrations and season revealed species-specific 
trends, however, no correlations were found between stream flow and PCB body 
burden.  
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 • Total lipids in sunfish were expected to be lower in the spring, following winter 
depletion, however the results indicated that lipids were higher in the spring as 
compared to summer values. This rapid lipid depletion and accumulation in sunfish 
may be a response to spring breeding and could play a role in the mobilization of 
PCBs. Whereas, lipids in stoneroller minnows did not vary significantly between 
seasons and may be due to a later breeding season. 
 
• Aroclor 1248 and 1254 concentrations in stoneroller minnows were significantly 
higher in the summer as compared to spring values. No differences were observed for 
Aroclor 1260. Dietary uptake of PCBs by stoneroller minnows was somewhat affected 
by seasonal variations. PCB levels in stoneroller minnow viscera tended to be higher 
during the summer than those found in the spring. Higher summer PCB body burdens 
observed in stoneroller minnows may have been a result of contaminated sediments 
being remobilized during high-flow events in the spring, followed by possible lipid 
storage of PCBs, resulting in higher tissue concentrations later in the year. 
 
• The results of PCBs in sunfish were the converse of those found for stoneroller 
minnows. From the results, sunfish readily uptake PCBs during spring, but are able to 
eliminate them by summer, thus resulting in lower summer body burdens. Seasonal 
variability in PCB concentrations in sunfish may be due to their unique ability of 
regulating PCB body burden. 
 
• Results from this field study demonstrate that seasonal variability can alter PCB 
bioavailability and/or elimination rates. Considerations must be taken during risk 
assessments as to when the sampling is conducted since seasonal variations can alter 
PCB exposure. 
 
• The hypothesis was proven to be partially correct. Stream flows differed by season, 
and PCB levels in fish differed by season. 
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 Table 4.1. Summary discharge statistics for USGS gaging stations on Massac Creek (MC), Big Bayou creek (BB1 and BB8) and 
Little Bayou creek (LB4) for the sampling periods between 2001 and 2005. 
 
 
 MC (USGS#03611260) BB1 (USGS#03611800) 
 
   Annual No. of Days    Annual No. of Days 
  Mean Flow Mean Flow exceeding   Mean Flow Mean Flow exceeding 
Year Season (cu. ft./sec.) (cu. ft./sec.) Annual Flow  Season (cu. ft./sec.) (cu. ft./sec.) Annual Flow 
 
2001 Spring 14.74±3.27 19.14±4.21 15/120 Spring 6.10±1.55 8.34±1.93 15/120 
 Summer 3.73±0.95  3/122 Summer 2.47±1.53  4/122 
 
2002 Spring 58.05±14.34 29.34±5.50 31/120  Spring 18.68±5.47 9.49±2.10 26/120 
122
 Summer 2.34±0.89  3/122 Summer 0.92±0.37  3/122 
 
2003 Spring 36.63±7.54 19.80±3.41 37/120  Spring 13.24±2.52 6.03±1.04 38/120 
 Summer 12.30±6.10  10/122 Summer 2.16±1.46  3/122 
 
2004 Spring 13.38±2.45 12.68±1.70 27/121  Spring 3.50±0.96 2.62±0.45 25/121 
 Summer 6.61±3.10  7/122 Summer 0.98±0.34  6/122 
 
2005 Spring 14.32±3.54 11.88±2.08 23/120  Spring 7.10±1.88 5.11±0.93 18/120 
 Summer 8.74±3.63  13/122 Summer 2.61±1.53  7/122 
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Table 4.1, continued. Summary discharge statistics for USGS gaging stations on Massac Creek (MC), Big Bayou creek (BB1 and 
BB8) and Little Bayou creek (LB4) for the sampling periods between 2001 and 2005. 
 
 
 BB8 (USGS#03611850) LB4 (USGS#03611900) 
 
   Annual No. of Days    Annual No. of Days 
  Mean Flow Mean Flow exceeding   Mean Flow Mean Flow exceeding 
Year Season (cu. ft./sec.) (cu. ft./sec.) Annual Flow  Season (cu. ft./sec.) (cu. ft./sec.) Annual Flow 
 
2001 Spring 18.69±3.23 25.97±3.70 12/120 Spring 5.16±1.10 7.52±1.58 13/120 
 Summer 15.50±3.64  8/122 Summer 3.57±1.67  7/122 
 
2002 Spring 49.38±9.13 29.66±4.00 30/120  Spring 19.07±4.73 9.28±1.78 31/120 
 Summer 9.94±1.54  4/122 Summer 1.33±0.25  2/122 
 
2003 Spring 49.83±8.48 28.85±3.43 30/120  Spring 12.37±2.18 6.80±0.90 34/120 
 Summer 18.46±4.25  14/122 Summer 3.35±1.13  6/122 
 
2004 Spring 20.53±3.56 22.06±2.21 19/121  Spring 6.00±0.69 4.34±0.40 52/121 
 Summer 9.41±1.54  4/122 Summer 1.60±0.27  3/122 
 
2005 Spring 28.97±4.89 22.89±2.47 23/120  Spring 7.04±1.86 5.26±0.76 20/120 
 Summer 15.41±2.76  7/122 Summer 2.21±0.50  7/122 
 
 Figure 4.1. Monthly and annual stream flows determined by USGS for station BB8 (USGS#03611850) in 2000 through 2005. Months 
when sampling was conducted are represented as darkened bars. 
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Figure 4.2. Seasonal variability in frequency of detections of Aroclors 1248, 1254, and 
1260 in sediments (A) and floodplain soils (B) collected 2001 through 2005 from Big and 
Little Bayou creeks. 
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 Figure 4.3. Comparison of stream flow versus Aroclor concentrations in fish at and below the effluent receiving zone in Big Bayou 
creek with stream flow. Stream flow represents average seasonal flow at the USGS gaging station in station BB8 (USGS#03611850). 
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Figure 4.4. Comparison of stream flow versus Aroclor concentrations in fish from Little Bayou creek with stream flow. Stream flow 
represents average seasonal flow at the USGS gaging station in station LB4 (USGS#03611900). 
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 Figure 4.5. Lengths (mm; mean ± SEM) for sunfish (BG, GS, and LS) and stoneroller minnows collected from stations at or below the 
effluent receiving zone in Big and Little Bayou creeks. Asterisks denote significant differences (t-test, p<0.05) between spring and 
summer for that station. Sample numbers (n) are indicated in the text. 
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 Figure 4.6. Lipids (mg/g; mean ± SEM) in sunfish (BG, GS, and LS) and stoneroller minnows collected from stations at or below the 
effluent receiving zone in Big and Little Bayou creeks. Asterisks denote significant differences (t-test, p<0.05) between spring and 
summer for that station. Sample numbers (n) are indicated in the text. 
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 Figure 4.7. Seasonal comparisons of Aroclor concentrations (mean ± SEM) in fish collected from 2001 through 2005 from stations at 
and below the effluent receiving zone in Big Bayou creek. Asterisks denote significant differences (ANOVA, p<0.05) between spring 
and summer for that Aroclor. 
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Figure 4.8. Seasonal comparisons of Aroclor concentrations (mean ± SEM) in fish collected from 2001 through 2005 from stations at 
and below the effluent receiving zone in Little Bayou creek. Asterisks denote significant differences (ANOVA, p<0.05) between 
spring and summer for that Aroclor. 
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 Figure 4.9. Concentrations (mean ± SEM) for Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in sunfish (BG, GS, and LS) collected from stations at or below the effluent receiving 
zone in Big Bayou creek. Asterisks denote significant differences (t-test, p<0.05) between 
spring and summer for that station. 
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 Figure 4.10. Concentrations (mean ± SEM) for Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in sunfish (BG, GS, and LS) collected from stations at or below the effluent receiving 
zone in Little Bayou creek. Asterisks denote significant differences (t-test, p<0.05) 
between spring and summer for that station. 
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Figure 4.11 Concentrations (mean ± SEM) for Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in whole-body stoneroller minnows collected from stations at or below the effluent 
receiving zone in Big Bayou creek. Asterisks denote significant differences (t-test, 
p<0.05) between spring and summer for that station. 
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 Figure 4.12. Concentrations (mean ± SEM) for Aroclor 1248 (A), 1254 (B), and 1260 (C)  
in whole-body stoneroller minnows collected from stations at or below the effluent 
receiving zone in Little Bayou creek. Asterisks denote significant differences (t-test, 
p<0.05) between spring and summer for that station. 
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 Figure 4.13. Concentrations (Mean ± SEM) for Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in viscera from stoneroller minnows collected 2001 through 2005 from stations at and 
below the effluent receiving zone in Big Bayou creek, Paducah, KY. Means with 
different letters are significantly different (Duncan’s MRT, p<0.05). 
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 Figure 4.14. Concentrations (Mean ± SEM) for Aroclor 1248 (A), 1254 (B), and 1260 (C) 
in viscera from stoneroller minnows collected 2001 through 2005 from Little Bayou 
creek, Paducah, KY. Means with different letters are significantly different (Duncan’s 
MRT, p<0.05).  
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Chapter 5: Determinations of polychlorinated biphenyl (PCB) congener 
distributions in sediments, floodplain soils, and fish from Aroclor data collected 
from two moderately impacted freshwater stream systems 
 
5.1 Abstract 
PCB congeners in water, sediments, floodplain soils, and fish from were 
determined from previously analyzed Aroclor data. This allowed the comparison of 
congener distributions, identification of predominant congeners, and confirmation of 
Aroclor identifications. In addition, congener uptake by different fish species and 
changes to congener distributions due to seasonal variations were evaluated. Two 
moderately PCB impacted freshwater streams, Big and Little Bayou creeks, were 
examined. Aroclors 1248, 1254, and 1260 were originally determined for water, 
sediment, floodplain soils, and fish. Since sample extracts were not available for 
congener determinations, a set of singly-eluting congener peaks were selected and 
quantified from original chromatograms which encompassed tri- through nona-
chlorinated biphenyls. Aroclor 1248 predominated in sediments and floodplain soils from 
Little Bayou creek. Sediment and floodplain soil congeners grouped by degree of 
chlorination corresponded with Aroclor mixtures. Increased detection of Aroclor 1248 in 
floodplain soils during the summer indicated that high-flow events resulted in deposition 
of contaminated soils into floodplain areas. Seasonal fluctuations also affected floodplain 
soil congener concentrations. Congener groups in fish corresponded to Aroclor mixtures. 
Fish with predominant Aroclor 1248 and 1254 tended to have higher concentrations of 
the lower chlorinated congeners. Sport fish tended to have higher levels of the lower 
chlorinated biphenyls in the summer. Seasonal variations in congener groups were 
evident for green and longear sunfish. Significantly higher congener levels were detected 
in stoneroller minnows collected in the summer, which corresponded to increased levels 
of tri- through hepta-chlorinated biphenyls. Congener determinations from Aroclor data 
proved useful in determining and comparing trends between sample matrices, served to 
confirm previous Aroclor mixture identifications, and provided additional information on 
PCB impacts to this stream system. 
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 5.2 Introduction 
PCBs are mixtures of 209 possible chlorinated biphenyl isomers or congeners 
(11,155). Commercial production of PCBs in the U.S. was dominated by the Monsanto 
Corporation and its line of Aroclor products (156). Quantitation of environmental 
samples relative to Aroclor standards became a standard means of PCB measurement 
(155). Currently congener-specific analysis of environmental samples is preferred over 
analysis of Aroclor mixtures. The current premise is that Aroclor mixture toxicity can be 
estimated by the identification and quantitation of selected congeners (157). Erickson 
(11) indicated that it is well recognized that the individual PCB congeners have different 
physical and chemical properties, therefore having different biological half-lives. 
Congener-specific analysis can be used to focus on which congeners are indicative of 
metabolism and other degradation process for different types of environmental samples 
(11,157). Congener patterns can be used as “finger prints” for tracking a PCB signal 
through different matrices (158). Selective uptake and/or metabolism of specific 
congeners in some PCB-exposed fish has been suggested and these distributions have 
implications for both human and animal health (158).  
A problem with congener-specific analysis is that, although most congeners can 
be resolved by capillary-column gas chromatography, not all 209 congeners can be 
determined during a single analysis. Other difficulties can arise from “real world” 
environmental samples that may contain interfering compounds often present at much 
higher concentrations than the target compound (157). Identification and quantitation of 
all the components in Aroclor mixtures can be tedious due to the large amount of 
information, therefore researchers have concentrated on congener subsets in order to 
focus calibration and quantitation efforts into manageable number of analytes at the 
sacrifice of the measurement of total PCB concentrations (11). Even though traditional 
Aroclor determinations have limitations, useful information can be derived from the 
determinations of individual congeners obtained from historical Aroclor analyses. In 
work presented by Butcher et al. (155), the authors were able to analyze large historical 
datasets, “translate” between different Aroclor quantitation methods, and obtain useful 
congener information. Congener distributions in water, sediments, floodplain soils, and 
fish were determined from previously analyzed Aroclor data in order to find out if any 
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 patterns or trends were evident among sites and/or sample types. This additional 
information would allow the comparison of congener distributions, identification of 
predominant congeners in the different environmental matrices, and confirmation of 
previous Aroclor mixture identifications. In addition, variations in congener uptake by 
different fish species residing in low-level PCB contaminated streams were evaluated. 
Changes to congener distributions due to seasonal variations were also determined.  
 
5.3 Materials and Methods 
 The Bayou Creek system located in western Kentucky was selected for this study. 
This system consists of two moderate gradient freshwater streams, Big and Little Bayou 
creeks, which converged and drained into the Ohio River. Both streams have been 
moderately impacted by PCBs originating from the Paducah Gaseous Diffusion Plant 
(PGDP). Detailed descriptions of the study site and sampling stations are presented in 
Chapters 1 and 2.  
A total of 7 sampling events were conducted from 2001 through 2005 in which 
stream water, sediments, floodplain soils, sport fish, and stoneroller minnows were 
collected. A total of 262 water samples, 236 sediments, and 145 floodplain soils samples 
were collected from both streams. Five sport fish were selected for the study and 
included: green sunfish (Lepomis cyanellus) (GS), longear sunfish (L. megalotis) (LS), 
bluegill (L. macrochirus) (BG), largemouth bass (Micropterus salmoides) (LMB), and 
the yellow bullhead catfish (Ameiurus natalis) (YBH). The stoneroller minnow 
(Campostoma anomalum) (SR), a forage species, also was studied. A total of  554 sport 
fish and 324 stoneroller minnows were collected from both streams in 2001 through 
2005.  
Collections and PCB analyses of water, sediments, floodplain soils, and fish were 
conducted as described in Chapter 2 and in Price and Birge (130). PCB mixtures studied 
involved Aroclors 1248, 1254, and 1260 that were found at the plant site and in the 
affected stream system. Since sample extracts were not available for reanalysis, a set of 
19 specific singly-eluting congener peaks were selected from the original 
chromatograms. These 19 congener peaks encompassed tri- through nona-chlorinated 
biphenyls, typically found in Aroclor 1248, 1254, and 1260. A list of the 19 selected 
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 congeners and an example of percent weight congener composition for each Aroclor 
mixture is presented in Table 5.1. It is important to note that congener distributions by 
percent weight can vary from Aroclor lot to lot (159). Unfortunately, none of the 
congeners typically used in determinations of dioxin toxicity equivalent factors (160,161) 
could be selected due to co-elution with two or more congeners in the original 
chromatograms. Individual chromatographic congener positions were originally 
determined from retention databases presented by Bolgar et al. (157), Erickson (11), 
Frame (162), Larsen et al. (163), Lulek et al. (164), and Schulz et al. (165). The congener 
positions were then further verified by the analyses of certified congener standards 
obtained from AccuStandard, Inc. These certified standards also were used to create 
calibration curves to determine individual congener concentrations. Analytical methods 
and instrument setup did not change during the study period and therefore were not 
factors which could have affected the results. As presented in Table 5.1, only a small 
fraction (weight %) of each congener is present in an Aroclor mixture. The response 
factors obtained for the individual congeners were corrected to reflect typical Aroclor 
compositions. Similar Aroclor corrections were presented by Butcher et al. (155). These 
correction factors were then applied to all congener measurements. Since calibration 
curves could not be analyzed along with each group of samples, only one set of 
calibration curves was analyzed and then used with all previously injected Aroclor 
chromatograms. Therefore, congener concentrations based on chromatographic Aroclor 
data were considered “approximate” values and mainly used to present and compare 
trends. In evaluating trends, the individual congeners were grouped using principal 
component analysis and also grouped based on their degree of chlorination.  
Statistical procedures were performed at the University of Kentucky Center for 
Statistical Computing Support. Statistics included t-test, analysis of variance (ANOVA); 
Tukey’s HSD;  Duncan’s multiple range test; Dunnett’s t-test; principal component 
analysis and multivariate analysis of variance (MANOVA), all which were calculated 
using SPSS® Version 13.0 for Windows or STATISTICA Version 5.5 statistical 
software. 
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 5.4 Results and Discussion 
Seven sampling events were conducted from 2001 through 2005 in which 262 
stream water, 236 sediments, 145 floodplain soils, 554 sport fish, and 324 forage fish 
were collected. From the 7 sampling events, four collections were conducted during the 
spring and three collections were done late-summer to early fall. These collections were 
representative of either high-flow events (spring) or low-flow events (summer). Distinct 
variations in flow were evident between these two seasons (see Chapter 4). Of the 262 
water samples analyzed, 150 were collected from Big Bayou creek, 67 from Little Bayou 
creek, 16 from Massac creek, and 29 from the KPDES effluents. From all water samples 
collected, only 8 samples showed detectable PCBs with concentrations close to the 
minimum quantitation limit of 0.080 µg/L (see Section 2.4.1). The lack of PCB 
detections in stream water indicated that for these moderately impacted streams PCBs 
were transitory in the water column and rapidly accumulated in biotic and sediment 
compartments. As indicated by DiPinto et al. (166), approximately 97 % of released 
PCBs in the water column are retained in sediments. Erickson (11) indicated that 
modeling based on water solubility may be inappropriate since PCBs do not exist at 
appreciable concentrations in water due to their high octanol-water partition coefficient 
(Kow). 
A total of 161 sediments and 101 floodplain soils were collected from Big Bayou 
creek, and 75 sediments and 44 floodplain soils were collected from Little Bayou creek. 
Mean Aroclor concentrations in sediment and floodplain soils collected from Big and 
Little Bayou creeks are presented in Tables 5.2 and 5.3, respectively. PCBs were seldom 
detected at the reference station in Massac creek. No Aroclor 1260 was detected in 
sediments from stations upstream of the effluent receiving zone (ERZ, stations BB3-
BB9) in Big Bayou creek during any of the collections. In contrast, Aroclors 1254 and 
1260 were frequently detected in sediments from stations in the ERZ (Table 5.2). 
Sediment concentration ranges for all three Aroclor tested from Big Bayou creek were 
similar during the study period. The upstream Little Bayou creek station LB1 did not 
have any detectable PCBs in either sediments or floodplain soils, however, all three 
Aroclors were detected in stations LB2 through LB4, with Aroclor 1248 being 
predominant (Table 5.3). In general, floodplain soil PCBs determined for both streams 
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 were 2-3 times higher as compared to sediment PCBs. This difference was accentuated in 
samples collected from Little Bayou creek (Table 5.3). Sediment Aroclor 1248 
concentrations decreased during the summer periods, but the higher chlorinated mixtures 
(i.e. Aroclor 1254 and 1260) were not as influenced by seasonal variations and tended to 
be more persistent (see Chapter 4). In contrast, the increased detection of Aroclor 1248 in 
floodplain soils during the summer were the result of spring high-flow events that 
deposited recently contaminated soils on floodplain areas, which become PCB sinks. 
Nineteen singly-eluting congeners were identifiable from Aroclor GC 
chromatograms (Table 5.1). Principal component analysis was performed on these 19 
congeners which grouped them into three eigenvectors or components. Component 1 
included congeners 22, 40, 49, 83, 85, 97, 99, 146, 153, and 178 (tri- through hepta-
chlorinated biphenyls (CB)); component 2 included congeners 141, 174, 177, 183, 187, 
194, and 199 (hexa- through octa-CB); and component 3 included congeners 172 and 206 
(a hepta-CB and a nona-CB). Component 1 accounted for most of the variance in the data 
(80.91 %), while components 2 and 3 accounted for 9.32 % and 3.63 % of the variance. 
These grouped components were then compared using multivariate analysis of variance 
(MANOVA, p<0.05). When comparing between sample matrices (e.g. sediments, 
floodplain soils, bluegills, green sunfish, longear sunfish, largemouth bass, yellow 
bullhead, and stoneroller minnows) only the stoneroller minnows from component 1 were 
significantly different from all other matrices by MANOVA. No differences were 
obtained between matrices for components 2 and 3. For comparisons between sample 
matrices and collection dates (e.g. spring and summer), significant differences were 
obtained between stoneroller minnows and other matrices during spring and summer for 
component 1. Whereas for component 2, no significant differences were obtained in the 
spring, but the stoneroller minnow were significantly different from the other matrices in 
the summer. For component 3, the stoneroller minnow were again different from the 
other matrices for spring, but during the summer stoneroller minnows were different only 
from sediments and green sunfish. The different sample matrices also were compared 
between stream collection areas, which included upstream sites (BB1A-BB2), the ERZ 
(BB3-BB9), and Little Bayou creek (LB2-LB4). No differences were found betweens 
matrices at the upstream sites for the three components. In the ERZ, stoneroller minnows 
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 were different from all matrices for the three components. Stoneroller minnows from 
Little Bayou creek were different from all other matrices for components 2 and 3, 
however, for component 1, the stoneroller minnows were different from all matrices 
except largemouth bass. 
In general, stoneroller minnow congener concentrations were higher than the 
concentrations of other sample matrices (Tables A-48 through A-51). At upstream 
stations the second highest congener concentrations averaged for all sampling dates was 
observed in green sunfish for congeners 22, 85-153, and 174-199 (Table A-49). The 
second highest congener concentrations averaged for all sampling dates in the ERZ were 
found in longear sunfish for congeners 22, 40, and 83-199 (Table A-50), while yellow 
bullhead had the second highest concentrations in Little Bayou creek for congeners 22, 
40, 85-141, 172, 174, and 178-206 (Table A-51). Grouping of congeners by principal 
component analysis resulted in limited information, which may have been due to the 
congeners selected or the low concentrations observed; therefore congeners were grouped 
relative to their chlorine composition and compared statistically. 
Average concentrations for congener groups and frequency of detection in 
sediments and floodplain soils are presented graphically in Figure 5.1.Aroclor 1248 was 
predominant in floodplain soils from the ERZ in Big Bayou creek, corresponding to 
higher concentrations of the lower chlorinated biphenyls (Figure 5.1, A). In comparison, 
concentrations of Aroclor 1248 and 1260 were high in sediments and floodplain soils 
from Little Bayou creek corresponding to higher levels of hexa- through octa-CB. In a 
microcosm study by Lin et al. (167), the authors observed that di- through hexa-CB had 
higher ratios of PCBs remaining in the soil, which was similar to sediment levels 
obtained for this study (Figure 5.1, A). Whereas Ko and Baker (168) detected high levels 
of tetra- through hepta-CB in sediments from the Susquehanna river that discharges into 
Chesapeake bay. The congener group concentrations in sediment from the ERZ in Big 
Bayou creek were similar to those detected in upstream stations and no significant 
differences (one-way ANOVA, p<0.05) were observed between them. Although no 
differences were found for congener concentrations between the ERZ and the upstream 
stations, increased frequency of detections were observed for stations in the impacted 
zone (Figure 5.1, B). Congener concentrations were higher for Little Bayou creek 
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 sediments and were significantly different (Duncan’s multiple range test, p<0.05) than 
the levels for the ERZ in Big Bayou creek, with the exception of hepta- and octa-CB. As 
with sediments, concentrations of congeners in floodplain soils from the ERZ in Big 
Bayou creek were not significantly different (Duncan’s multiple range test, p<0.05) from 
upstream stations (Figure 5.1, A). Congener concentrations were higher in Little Bayou 
creek and were significantly different (Duncan’s multiple range test, p<0.05) than those 
found for the ERZ in Big Bayou creek, except for tri- and tetra-CB. Increased frequency 
of detections of congeners in floodplain soils from the ERZ was also observed. As 
compared to sediments congener levels, concentrations and frequency of detections in 
floodplain soils were usually higher. 
A breakdown of the numbers of fish analyzed for PCBs are presented in Tables 
5.4 and 5.8 for Big and Little Bayou creeks, respectively. Mean Aroclor 1248, 1254, and 
1260 concentrations in fish from Big Bayou creek are shown in Tables 5.5, 5.6, and 5.7, 
respectively. PCB concentrations in sport fish from the ERZ in Big Bayou creek were 
similar to those in upstream stations. Remedial activities were conducted at the plant site 
during 1991 and Aroclor concentrations in sunfish decreased below 0.60 µg/g after 
remediation (see Chapters 2 and 3). Robison (13) indicated that the PCB body burden in 
green sunfish can drop to “baseline” within a few months after PCB remediation. Similar 
decreases in tissue residues were observed by Southworth (87). This baseline effect is 
further described in Chapters 2 and 3. The lower body burden concentrations and 
frequencies of detection for the largemouth bass and the yellow bullhead were probably 
due to the young age of the specimens collected, resulting in less exposure and 
bioaccumulation time (see Chapter 3). Aroclor 1248 in whole-body stoneroller minnows 
from the ERZ in Big Bayou creek was approximately 3 times higher than the levels in 
found in upstream stations (Table 5.5). Aroclor 1254 and 1260 concentrations also were 
higher in stoneroller minnows from the ERZ (Tables 5.6 and 5.7). Mean Aroclor 
concentrations in fish collected from Little Bayou creek are shown in Table 5.9. Aroclor 
1248 in stoneroller minnows from Little Bayou creek was the highest of the three Aroclor 
tested. Unlike Big Bayou creek, bluegills had the highest Aroclor levels as compared to 
the other sunfish species.  
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 Average congener concentrations in fish fillets are shown in Figure 5.2. Congener 
concentrations in sport fish demonstrated similar trends as those observed for individual 
Aroclor (Tables 5.5-5.7 and 5.9). Aroclor 1248 was highest in bluegill from Little Bayou 
creek, corresponding to higher levels of tri- and tetra-CB. In comparison, similar 
concentrations of Aroclor 1248 and 1254 were found in green and longear sunfish from 
Little Bayou creek, corresponding to the levels of tri-, tetra-, hexa-, and hepta-CB. 
Similar congener patterns were found by Zhou and Wong (169) in field-collected tilapia, 
where the tetra- through hexa-CB consisted of more than 60 % of total PCBs in the tilapia 
flesh. As a comparison, studies on carp (167,170) found that tri-, penta-, and hexa-CB 
were the main congener groups in muscle tissue. Hexa- and octa-CB were highest in 
largemouth bass from Little Bayou creek, however due to the young age of the 
specimens, the results were inconclusive. In comparing congener groups among fish 
species from upstream stations (Figure 5.2, A), the only significant difference (Dunnett’s 
t-test, p<0.05) was found for penta-CB between green sunfish and largemouth bass. In the 
ERZ (Figure 5.2, B), the penta-CB in bluegills and green sunfish were higher and 
significantly different from the largemouth bass; hexa- and nona-CB in bluegills were 
lower and significantly different from the green sunfish, longear sunfish, and largemouth 
bass; and octa-CB in bluegill were lower and different from the green sunfish. No 
differences were found for any of the congener groups in all fish tested from Little Bayou 
creek. Tri-chlorinated biphenyls from largemouth bass and nona-CB from the bluegill 
were excluded from the comparisons because only one sample of each was found in the 
stream.  
In addition to comparisons among fish species, congener groups also were 
compared among sampling areas which included upstream stations (MC-BB3), ERZ 
(BB4-BB9), and Little Bayou creek (LBC) (Figure 5.2). Longear sunfish, largemouth 
bass, and yellow bullhead catfish were significantly different (Duncan’s multiple range 
test, p<0.05) for each congener group between the three sampling areas. In comparing 
upstream stations with the ERZ in Big Bayou creek (Figure 5.2, A,B), significant 
differences were found for hexa- through nona-CB in bluegills; and for tri-, penta-, hexa-, 
and hepta-CB in green sunfish. When comparing the ERZ with LBC (Figure 5.2, B,C), 
significant differences were observed for all bluegill congener groups, except for tetra-
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 CB; for green sunfish the differences were for tri- through hexa-CB; for longear sunfish 
the differences were for tri-, penta-, hexa-, and octa-CB; and for largemouth bass and 
yellow bullhead the differences were for penta- through octa-CB. 
Frequency of detections for PCB congeners in fish fillets are shown in Figure 5.3. 
High detection ratios were obtained in sunfish for tri-, penta-, and hexa-CB (Figure 5.3, 
B,C). In largemouth bass and yellow bullheads the higher chlorinated biphenyls tended to 
predominate, possibly indicating greater bioaccumulation potential by these species, 
however the results were not conclusive due the young age of the organisms. Although 
congener concentrations were lower in samples from the ERZ in Big Bayou creek when 
compared to upstream stations (Figure 5.2, A and B), detection frequencies were much 
higher in the ERZ (Figure 5.3, B). The less chlorinated biphenyls tended to predominate 
in Little Bayou creek in agreement with the higher concentrations of Aroclor 1248 and 
1254 previously found. 
Average congener group concentrations and frequency of detections in whole-
body stoneroller minnows are presented in Figure 5.4. As with the Aroclor data, levels of 
all congeners in stoneroller minnows were much higher and significantly different 
(Dunnett’s t-test, p<0.05) than those found in sport fish. As expected from Aroclor 1248 
data, the stoneroller minnow body burden concentrations of the less chlorinated biphenyls 
were higher (Figure 5.4, A). Overall frequency of detections between congener groups 
were consistent (Figure 5.4, B). Congener concentrations in Little Bayou creek were 
expected to be much higher that those from Big Bayou creek, however, the 
concentrations were only slightly higher, except for tri- and penta-CB which were lower 
(Figure 5.4, A). Comparison of congener group concentrations for stoneroller minnows 
between upstream stations and both the ERZ in Big Bayou creek and Little Bayou creek, 
showed that all congener groups were significantly different (Dunnett’s t-test, p<0.05) 
with the exception of nona-CB. When comparing congener concentrations in stoneroller 
minnows from the ERZ in Big Bayou creek with those from Little Bayou creek, only 
penta- and hepta-CB were different. These results indicated that uptake of these specific 
congeners by stoneroller minnows was similar despite differences in Aroclor 
concentrations for the two stream systems. 
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 Seasonal variations in individual congeners found in sediments and floodplain 
soils are shown in Tables A-52 through A-54, and Tables A-55 through A-57, 
respectively. Seasonal variations in congeners grouped by degree of chlorination for 
sediments and floodplain soils are presented graphically in Figure 5.5. No significant 
differences (t-test, p<0.05) between spring and summer collections were observed for the 
individual congener groups found in sediments, except for penta-CB in upstream stations; 
tri-, penta- and hexa-CB in the ERZ; and hepta- and octa-CB in Little Bayou creek 
(Figure 5.5, A). Differences between spring and summer were more evident for 
floodplain soils (Figure 5.5, B). Significant seasonal differences were observed for tetra- 
through octa-CB in floodplain soils from the ERZ. In Little Bayou creek the spring 
concentrations of penta- through octa-CB were lower and significantly different (t-test, 
p<0.05) than those in the summer (Figure 5.5, B). As indicated above, Aroclor 1248 was 
predominant in sediments from Big Bayou creek, and although no seasonal differences 
were observed for Aroclor 1254 and 1260, in floodplain soils from Little Bayou creek the 
higher chlorinated PCBs tended to be more persistent resulting in higher summer 
concentrations. 
Spring versus summer comparisons for congeners in sport fish are shown in 
Figure 5.6. No differences were observed for individual congener groups between spring 
and summer for sport fish from the upper sampling stations (Figure 5.7, A). When 
comparing fish from the ERZ in Big Bayou creek, significant differences were observed 
for tetra- through hepta-CB and nona-CB in green sunfish; tri- through hepta-CB and 
nona-CB in longear sunfish; penta-, hepta-, and octa-CB in largemouth bass; and penta- 
through octa-CB in yellow bullhead (Figure 5.6, B). In Little Bayou creek, seasonal 
variability was less evident with significant differences only being found for octa-CB in 
bluegill; hexa-CB in green sunfish; and hexa- through octa-CB in longear sunfish (Figure 
5.6, C). No differences were observed between seasons for all congeners in yellow 
bullhead collected at the upper stations, however differences were observed for yellow 
bullhead from Little Bayou creek for hepta- and octa-CB which were elevated in the 
spring. These results indicated that seasonal fluctuations in PCB concentrations were 
more evident in green and longear sunfish. It may be that bluegill were less efficient in 
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 eliminating PCBs as compared to green and longear sunfish. No meaningful comparisons 
could be derived for the largemouth bass due to lack of specimens. 
Individual congener concentrations divided by seasons for whole-body stoneroller 
minnows are presented in Tables A-58 through A-60. Spring versus summer comparisons 
for whole-body stoneroller minnows could only be made for collections in 2001 and 2003 
(Figure 5.7). In 2001, higher levels were observed during the summer with significant 
differences (t-test, p<0.05) between spring and summer being observed at both the ERZ 
in Big Bayou creek and Little Bayou creek (Figure 5.7, A). Annual stream flow was 
somewhat greater in 2001 (see Chapter 4), which may account for the larger number of 
differences found between seasons. These results correspond with Aroclor mixture 
measurements. Although congener levels were higher in 2003, significant differences 
were only observed for tri- through hepta-CB in the ERZ, while no differences were 
observed in Little Bayou creek (Figure 5.7, B). The increased levels of these biphenyls 
corresponded with increased Aroclor 1248 found during the summer collections. The 
results indicated that uptake and elimination of PCBs by the stoneroller minnow was 
slower than that observed for the sunfish, thus resulting in higher summer body burdens. 
Although similar results were found with the Aroclor data, by isolating specific 
congeners from the Aroclor chromatograms, seasonal effects on individual congeners 
could be pinpointed. 
 
5.5 Summary and Conclusions 
In summary, results from the bioassessments of Big and Little Bayou creeks 
indicated that: 
• Aroclor 1248 was predominant in sediments and floodplain soils from Little Bayou 
creek, but all three Aroclor concentrations were similar for Big Bayou creek. 
 
• Sediment Aroclor 1248 concentrations decreased during the summer, however the 
higher chlorinated mixtures (i.e. Aroclor 1254 and 1260) were not as influenced by 
seasonal variations. 
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 • Increased detection of Aroclor 1248 in floodplain soils during the summer indicated 
that high-flow events deposited recent contaminated soils over stream banks into 
floodplain areas. Seasonal fluctuations also affected floodplain soil congener 
concentrations. 
 
• Sediment and floodplain soils congeners grouped by degree of chlorination 
corresponded to previously determined Aroclor mixtures thereby confirming the 
identities of the Aroclor mixtures. 
 
• A “baseline” PCB concentration was observed for sunfish species when looking at 
both Aroclor and congener concentrations. From 1991 through 2005, the sunfish 
baseline Aroclor concentration ranged from 0.10 to 0.60 µg/g and for stoneroller 
minnows the range was 0.20 to 0.60 µg/g in Big Bayou creek and 0.92 to 2.00 µg/g in 
Little Bayou creek. 
 
• As with sediments and floodplain soils, congener groups in sport fish corresponded to 
Aroclor mixtures. Fish with predominant Aroclor 1248 and 1254 tended to have high 
concentrations of lower chlorinated congeners. 
 
• Uptake of specific congeners by stoneroller minnows was similar despite differences 
in Aroclor concentrations for the two stream systems. It appeared that for the 
stoneroller minnow not all of the PCB uptake was from the water and a majority was 
from their diet. The selective nature of the stoneroller minnow diet and the ingestion 
of sediments as they feed resulted in similar uptake of congeners despite differences 
in Aroclor concentrations. This dietary uptake and sediment transfer also was 
observed by Rubinstein et al. (171). 
 
• Seasonal variations were observed for green and longear sunfish, but were not evident 
for the bluegill. It may be that the bluegill was less efficient in metabolizing and/or 
eliminating PCBs that the green and longear sunfish. Further research is required to 
determine PCB depuration rates in these three sunfish species. 
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• Lower chlorinated congeners in sport fish tended to be elevated during the summer, 
whereas the higher chlorinated congeners were highest during the spring. As 
presented in Chapters 3 and 4, seasonal variability in PCB concentrations in sunfish 
may be due to their unique ability of regulating PCB body burden. 
 
• Increased levels of tri- through hepta-chlorinated biphenyls in stoneroller minnows 
corresponded to Aroclor 1248 concentrations previously found. 
 
• Significant differences between spring and summer for congener concentrations and 
Aroclor mixtures were observed in whole-body stoneroller minnows with PCB 
concentrations being higher during the summer. As described in Chapter 4, although 
stoneroller minnows were exposed to PCBs in the spring, it appeared that uptake and 
elimination was slower, resulting in higher summer body burdens. 
 
• Although time consuming, the determination of congeners from Aroclor data proved 
to be useful in determining and comparing trends between sample matrices, and 
served to confirm previous Aroclor mixture identifications. Significant additional 
information on PCB impacts to these moderately impacted streams was obtained. 
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 Table 5.1. Singly eluting congeners found in Aroclor 1248, 1254, and 1260 mixtures 
selected for this study and congener composition of each mixture. The example of 
congener composition and homolog percent distribution was obtained from Frame et al. 
(172). 
 
 
 Congener Wt. (%) 
 IUPAC No.  
 No. Compound Chlorines A1248 A1254 A1260 
 
 22 2,3,4’ 3 1.36 0.03 0.01 
 40 2,2’,3,3’ 4 1.03 0.14 --- 
 49 2,2’,4,5’ 4 4.15 0.68 0.01 
 83 2,2’,3,3’,5 5 0.23 0.52 0.01 
 85 2,2’,3,4,4’ 5 1.06 1.89 0.01 
 97 2,2’,3’,4,5 5 1.10 2.70 0.09 
 99 2,2’,4,4’,5 5 1.64 3.78 0.04 
 141 2,2’,3,4,5,5’ 6 0.08 0.84 2.62 
 146 2,2’,3,4’,5,5’ 6 0.05 0.56 1.15 
 153 2,2’,4,4’,5,5’ 6 0.33 3.53 9.39 
 172 2,2’,3,3’,4,5,5’ 7 --- 0.05 0.70 
 174 2,2’,3,3’,4,5,6’ 7 0.08 0.24 4.96 
 177 2,2’,3,3’,4’,5,6 7 0.03 0.14 2.57 
 178 2,2’,3,3’,5,5’,6 7 --- 0.03 0.83 
 183 2,2’,3,4’,5,5’,6 7 0.06 0.14 2.41 
 187 2,2’,3,4’,5,5’,6 7 0.09 0.17 5.40 
 194 2,2’,3,3’,4,4’,5,5’ 8 --- 0.01 2.07 
 199 2,2’,3,3’,4,5,5’,6’ 8 --- 0.01 1.78 
 206 2,2’,3,3’,4,4’,5,5’,6 9 --- 0.03 0.53 
 
  Percent Distribution 
 
 Homolog A1280 A1254 A1260 
 
 tri-Cl 21.65 0.83 0.21 
 tetra-Cl 31.95 7.56 0.35 
 penta-Cl 43.51 65.28 8.74 
 hexa-Cl 1.81 24.37 43.35 
 hepta-Cl 0.30 2.01 38.54 
 octa-Cl 0.00 0.02 8.27 
 nona-Cl 0.00 0.04 0.70 
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 Table 5.2. Mean Aroclor concentrations in sediments and floodplain soils collected from 
Massac creek (MC) and Big Bayou creek. Stations BB1A-BB2 were upstream the 
effluent receiving zone. 
 
 Sediment Conc. (µg/Kg) Floodplain Conc. (µg/Kg) 
 
Station/Date n a 1248 1254 1260 n 1248 1254 1260 
 
MC 
 Feb. 2001 2 7.50 N.D. N.D. 0  n.c.b n.c. n.c. 
 Aug. 2001 2 N.D. N.D. N.D. 0 n.c. n.c. n.c. 
 June 2002 2 N.D. N.D. N.D. 2 N.D. N.D. N.D. 
 Mar. 2003 2 N.D. N.D. N.D. 0 n.c. n.c. n.c. 
 Sept. 2003 2 N.D. N.D. N.D. 1 N.D. N.D. N.D. 
 Mar. 2004 2 N.D. N.D. N.D. 2 N.D. N.D. N.D. 
 Mar. 2005 2 N.D. N.D. N.D. 2 N.D. N.D. N.D. 
 
 All Years 14 7.50 N.D. N.D. 7 N.D. N.D. N.D. 
 
BB1A-BB2 
 Feb. 2001 8 4.65 N.D. N.D. 0 n.c. n.c. n.c.  
 Aug. 2001 6 N.D. N.D. N.D. 0 n.c. n.c. n.c.  
 June 2002 7 N.D. 0.58 N.D. 7 N.D. N.D. N.D. 
 Mar. 2003 6 N.D. N.D. N.D. 3 N.D. 2.44 4.84 
 Sept. 2003 8 N.D. N.D. N.D. 6 N.D. 5.01 5.12 
 Mar. 2004 8 5.14 N.D. N.D. 8 N.D. 11.53 10.83 
 Mar. 2005 8 N.D. N.D. N.D. 8 N.D. 16.15 8.34 
 
 All Years 51 4.74 0.58 N.D. 32 N.D. 10.26 7.12 
 
BB3-BB9 
 Feb. 2001 14 6.90 3.55 6.99 0 n.c. n.c. n.c.  
 Aug. 2001 14 N.D. 2.59 8.43 0 n.c. n.c. n.c.  
 June 2002 13 N.D. 2.25 2.65 13 18.50 12.40 12.16 
 Mar. 2003 13 6.27 6.13 8.14 7 N.D. 9.96 8.17 
 Sept. 2003 14 N.D. 8.22 8.82 14 6.18 27.30 11.84 
 Mar. 2004 14 4.16 4.63 4.92 14 N.D. 12.81 6.98 
 Mar. 2005 14 4.70 3.71 3.53 14 N.D. 13.14 9.25 
 
 All Years 96 6.41 3.78 5.05 62 12.34 15.32 9.83 
 
a n represents the number of grab samples analyzed individually. 
b n.c. indicates samples were not collected. N.D. indicates not detected. 
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 Table 5.3. Mean Aroclor concentrations in sediments and floodplain soils collected from 
Little Bayou creek. Station LB1 was upstream of the effluent receiving zone. 
 
 Sediment Conc. (µg/Kg) Floodplain Conc. (µg/Kg) 
 
Station/Date n a 1248 1254 1260 n 1248 1254 1260 
 
LB1 
 Feb. 2001 2 N.D. N.D. N.D. 0 n.c.b n.c. n.c. 
 Aug. 2001 2 N.D. N.D. N.D. 0 n.c. n.c. n.c. 
 June 2002 2 N.D. N.D. N.D. 2 N.D. N.D. N.D. 
 Mar. 2003 1 N.D. N.D. N.D. 1 N.D. N.D. N.D. 
 Sept. 2003 2 N.D. N.D. N.D. 1 N.D. N.D. N.D. 
 Mar. 2004 2 N.D. N.D. N.D. 2 N.D. N.D. N.D. 
 Mar. 2005 2 N.D. N.D. N.D. 2 N.D. N.D. N.D. 
 
 All Years 13 N.D. N.D. N.D. 8 N.D. N.D. N.D. 
 
LB2-LB4 
 Feb. 2001 8 51.81 2.05 8.88 0 n.c. n.c. n.c. 
 Aug. 2001 6 78.96 71.19 27.84 0 n.c. n.c. n.c. 
 June 2002 8 28.58 8.58 10.24 8 50.93 83.98 101.96 
 Mar. 2003 16 57.20 26.98 16.90 4 117.69 71.93 49.60 
 Sept. 2003 8 N.D. 16.41 18.63 8 335.25 89.36 195.65 
 Mar. 2004 8 37.28 6.70 8.07 8 73.85 64.03 53.92 
 Mar. 2005 8 98.33 14.20 27.06 8 98.74 92.15 93.76 
 
 All Years 62 61.51 23.17 15.94 36 116.79 81.85 104.46 
 
a n represents the number of grab samples analyzed individually. 
b n.c. indicates samples were not collected. N.D. indicates not detected. 
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 Table 5.4. Number of fish analyzed for PCBs collected from Massac creek (MC) and Big 
Bayou creek. Fish included bluegill (L. macrochirus) (BG), green sunfish (Lepomis 
cyanellus) (GS), longear sunfish (L. megalotis) (LS), largemouth bass (Micropterus 
salmoides) (LMB), yellow bullhead catfish (Ameiurus natalis) (YBH), and stoneroller 
minnow (Campostoma anomalum) (SR). 
 
 Number of Fish Analyzed 
 
Station\Date BG GS LS LMB YBH SR 
 
MC 
 Mar. 2001 ---a 1 2 --- --- 2 
 Aug. 2001 ---  4 1 --- --- 3 
 June 2002 ---  2 --- --- --- 4 
 Mar. 2003 ---  2 1 --- --- 3 
 Sept. 2003 ---  3 1 --- --- 3 
 Mar. 2004  1  1 2 --- 1 3 
 Mar. 2005 ---  2 2 --- --- 4 
 
 All Years 1 15 9 0 1 22 
 
BB1A-BB2 
 Mar. 2001  3 --- 4 --- --- 7 
 Aug. 2001  6 5 7 3 --- 6 
 June 2002 --- 7 5 --- 3 9 
 Mar. 2003  1 6 10 1 4 9 
 Sept. 2003  1 6 --- --- 4 9 
 Mar. 2004 --- 8 4 --- 2 9 
 Mar. 2005 --- 6 7 --- 1 11 
 
 All Years 11 44 37 4 14 60 
 
BB3-BB9 
 Mar. 2001 1 6 18 --- --- 15 
 Aug. 2001 11 10 32 8 --- 28 
 June 2002 9 14 18 --- 8 21 
 Mar. 2003 1 13 15 --- 8 22 
 Sept. 2003 13 17 17 3 9 24 
 Mar. 2004 6 6 21 5 4 27 
 Mar. 2005 --- 8 18 3 1 29 
 
 All Years 41 74 139 19 30 166 
 
a Indicates fish were not found.
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 Table 5.5. Mean Aroclor 1248 concentrations in fish from Massac creek (MC) and Big 
Bayou creek. Fish included bluegill (L. macrochirus) (BG), green sunfish (Lepomis 
cyanellus) (GS), longear sunfish (L. megalotis) (LS), largemouth bass (Micropterus 
salmoides) (LMB), yellow bullhead catfish (Ameiurus natalis) (YBH), and stoneroller 
minnow (Campostoma anomalum) (SR). 
 
 Aroclor 1248 Conc. (µg/g) 
 
Station\Date BG GS LS LMB YBH SR 
 
MC 
 Mar. 2001 ---a N.D. 0.052 --- --- 0.015  
 Aug. 2001 --- N.D. N.D. --- --- N.D. 
 June 2002 --- N.D.  --- --- N.D. 
 Mar. 2003 --- N.D. N.D. --- --- N.D. 
 Sept. 2003 --- N.D. N.D. --- --- 0.295 
 Mar. 2004 N.D. N.D. N.D. --- N.D. N.D.  
 Mar. 2005 --- N.D. N.D. --- --- N.D. 
 
 All Years N.D. N.D. 0.052 --- N.D. 0.225 
 
BB1A-BB2 
 Mar. 2001 0.070 --- 0.039 --- --- 0.091 
 Aug. 2001 0.172 0.633 N.D. 0.112 --- 0.089 
 June 2002 --- N.D. N.D. ---- N.D. 0.169 
 Mar. 2003 N.D. N.D. 0.095 0.025 0.174 0.161 
 Sept. 2003 N.D. 0.256 --- --- 0.136 0.078 
 Mar. 2004 --- 0.104 0.283 --- N.D. 0.113 
 Mar. 2005 --- N.D. N.D. --- N.D. 0.158 
 
 All Years 0.152 0.271 0.139 0.068 0.174 0.128 
 
BB3-BB9 
 Mar. 2001 N.D. 0.083 0.049 --- --- 0.176 
 Aug. 2001 0.160 0.150 0.106 0.119 --- 0.884 
 June 2002 0.230 0.109 0.066 --- N.D. 1.147 
 Mar. 2003 N.D. 0.149 0.139 --- N.D. 0.438 
 Sept. 2003 0.082 0.073 0.123 N.D. 0.068 0.690 
 Mar. 2004 0.018 0.175 0.126 N.D. 0.193 0.236 
 Mar. 2005 --- 0.145 0.221 N.D. N.D. 0.203 
 
 All Years 0.123 0.118 0.096 0.140 0.100 0.541 
 
a Indicates fish were not found. N.D. indicates not detected.
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 Table 5.6. Mean Aroclor 1254 concentrations in fish from Massac creek (MC) and Big 
Bayou creek. Fish included bluegill (L. macrochirus) (BG), green sunfish (Lepomis 
cyanellus) (GS), longear sunfish (L. megalotis) (LS), largemouth bass (Micropterus 
salmoides) (LMB), yellow bullhead catfish (Ameiurus natalis) (YBH), and stoneroller 
minnow (Campostoma anomalum) (SR). 
 
 Aroclor 1254 Conc. (µg/g) 
 
Station\Date BG GS LS LMB YBH SR 
 
MC 
 Mar. 2001 ---a N.D. N.D. --- --- N.D. 
 Aug. 2001 --- N.D. N.D. --- --- N.D. 
 June 2002 --- N.D. --- --- --- N.D. 
 Mar. 2003 --- N.D. N.D. --- --- N.D. 
 Sept. 2003 --- N.D. N.D. --- --- N.D. 
 Mar. 2004 N.D. N.D. N.D. --- N.D. N.D. 
 Mar. 2005 --- N.D. N.D. --- --- N.D. 
 
 All Years N.D. N.D. N.D. --- N.D. N.D. 
        
BB1A-BB2 
 Mar. 2001 N.D. --- N.D. --- --- 0.452 
 Aug. 2001 0.106 0.631 N.D. 0.081 --- 0.056 
 June 2002 --- 0.056 N.D. --- 0.073 0.105 
 Mar. 2003 0.224 0.306 0.072 0.023 0.160 0.394 
 Sept. 2003 N.D. 0.191 --- --- 0.140 N.D. 
 Mar. 2004 --- 0.064 N.D. --- N.D. 0.178 
 Mar. 2005 --- 0.977 N.D. --- N.D. 0.238 
 
 All Years 0.165 0.268 0.072 0.062 0.073 0.231 
        
BB3-BB9 
 Mar. 2001 N.D. 0.065 0.024 --- --- 0.289 
 Aug. 2001 0.138 N.D. 0.063 0.088 --- 0.882 
 June 2002 0.145 0.113 0.055 --- 0.083 0.250 
 Mar. 2003 0.087 0.135 0.082 --- 0.085 0.282 
 Sept. 2003 0.078 0.028 0.147 0.061 0.050 0.375 
 Mar. 2004 0.021 0.212 0.079 0.171 N.D. 0.261 
 Mar. 2005 --- 0.137 0.182 0.091 0.177 0.156 
 
 All Years 0.095 0.133 0.098 0.130 0.130 0.394 
 
a Indicates fish were not found. N.D. indicates not detected.
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 Table 5.7. Mean Aroclor 1260 concentrations in fish from Massac creek (MC) and Big 
Bayou creek. Fish included bluegill (L. macrochirus) (BG), green sunfish (Lepomis 
cyanellus) (GS), longear sunfish (L. megalotis) (LS), largemouth bass (Micropterus 
salmoides) (LMB), yellow bullhead catfish (Ameiurus natalis) (YBH), and stoneroller 
minnow (Campostoma anomalum) (SR). 
 
 Aroclor 1260 Conc. (µg/g) 
 
Station\Date BG GS LS LMB YBH SR 
 
Massac Creek 
 Mar. 2001 ---a N.D. N.D. --- --- N.D. 
 Aug. 2001 --- N.D. N.D. --- --- N.D. 
 June 2002 --- N.D. --- --- --- N.D. 
 Mar. 2003 --- N.D. N.D. --- --- N.D. 
 Sept. 2003 --- N.D. N.D. --- --- N.D. 
 Mar. 2004 N.D. N.D. N.D. --- N.D. N.D. 
 Mar. 2005 --- N.D. N.D. --- --- N.D. 
 
 All Years N.D. N.D. N.D. --- N.D. N.D. 
        
BB1A-BB2 
 Mar. 2001 N.D. --- N.D. --- --- 0.067 
 Aug. 2001 0.117 0.175 N.D. 0.061 --- 0.014 
 Jun. 2002 --- 0.024 N.D. --- 0.020 0.023 
 Mar. 2003 0.200 0.239 0.051 0.020 0.131 0.149 
 Sept. 2003 N.D. 0.055 --- --- 0.123 N.D. 
 Mar. 2004 --- 0.056 N.D. --- N.D. 0.146 
 Mar. 2005 --- 0.410 N.D. --- N.D. 0.168 
 
 All Years 0.158 0.154 0.051 0.047 0.055 0.099 
 
BB3-BB9 
 Mar. 2001 N.D. 0.046 0.018 --- --- 0.174 
 Aug. 2001 0.076 N.D. 0.095 0.085 --- 0.426 
 Jun. 2002 0.051 0.044 0.027 --- 0.087 0.285 
 Mar. 2003 0.081 0.117 0.061 --- 0.107 0.314 
 Sept. 2003 0.054 0.162 0.090 0.048 0.046 0.287 
 Mar. 2004 0.022 0.227 0.065 0.117 0.196 0.208 
 Mar. 2005 --- 0.113 0.121 0.055 0.099 0.170 
 
 All Years 0.055 0.114 0.070 0.080 0.120 0.270 
 
a Indicates fish were not found. N.D. indicates not detected.
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 Table 5.8. Number of fish analyzed for PCBs collected from Little Bayou creek. Fish 
included bluegill (L. macrochirus) (BG), green sunfish (Lepomis cyanellus) (GS), longear 
sunfish (L. megalotis) (LS), largemouth bass (Micropterus salmoides) (LMB), yellow 
bullhead catfish (Ameiurus natalis) (YBH), and stoneroller minnow (Campostoma 
anomalum) (SR).  
 
 Number of Fish Analyzed 
 
Station\Date BG GS LS LMB YBH SR 
 
LB2-LB4 
 Mar. 2001 n.c.a n.c. n.c. n.c. n.c. 4 
 Aug. 2001 7 9 7 1 2 9 
 June 2002 ---b 13 8 --- 5 11 
 Mar. 2003 --- 7 7 --- --- 9 
 Sept. 2003 2 13 7 1 2 12 
 Mar. 2004 1 9 8 --- 4 12 
 Mar. 2005 1 8 8 --- 1 15 
 
 All Years 11 59 45 2 14 72 
 
 
a n.c. indicates not collected. 
b Indicates fish were not found.
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Table 5.9. Mean Aroclor concentrations in fish from Little Bayou creek (LB2-LB4). Fish 
included bluegill (L. macrochirus) (BG), green sunfish (Lepomis cyanellus) (GS), longear 
sunfish (L. megalotis) (LS), largemouth bass (Micropterus salmoides) (LMB), yellow 
bullhead catfish (Ameiurus natalis) (YBH), and stoneroller minnow (Campostoma 
anomalum) (SR). 
 
 Aroclor Conc. (µg/g) 
 
Aroclor\Date BG GS LS LMB YBH SR 
 
Aroclor 1248 
 Mar. 2001 n.c.a n.c. n.c. n.c. n.c. 0.387 
 Aug. 2001 N.D. 0.104 0.193 N.D. 0.210 2.773 
 June 2002 ---b  0.214 0.335 --- 0.514 2.327 
 Mar. 2003 --- 0.366 0.626 ---  1.404 
 Sept. 2003 0.513 0.194 0.278 0.299 2.750 2.952 
 Mar. 2004 N.D. 0.426 0.371 --- 0.302 0.857 
 Mar. 2005 N.D. 0.154 0.139 --- 0.210 0.962 
 
 All Years 0.513 0.247 0.269 0.299 0.604 1.769 
 
Aroclor 1254 
 Mar. 2001 n.c. n.c. n.c. n.c. n.c. 0.357 
 Aug. 2001 N.D. N.D. 0.199 0.358 0.344 2.102 
 June 2002 --- 0.197 0.209 --- 0.365 0.414 
 Mar. 2003 --- 0.359 0.344 --- --- 1.087 
 Sept. 2003 0.457 0.165 0.184 0.196 1.202 1.465 
 Mar. 2004 0.292 0.303 0.260 --- 0.237 0.781 
 Mar. 2005 0.074 0.121 0.149 --- 0.168 0.562 
 
 All Years 0.320 0.212 0.229 0.277 0.446 1.063 
 
Aroclor 1260 
 Mar. 2001 n.c. n.c. n.c. n.c. n.c. 0.400 
 Aug. 2001 N.D. N.D. 0.121 0.249 0.240 1.538 
 June 2002 --- 0.078 0.084 --- 0.203 0.660 
 Mar. 2003 --- 0.277 0.334 --- --- 1.459 
 Sept. 2003 0.349 0.067 0.122 0.137 0.426 1.358 
 Mar. 2004 0.336 0.287 0.236 --- 0.310 0.908 
 Mar. 2005 0.108 0.144 0.210 --- 0.203 0.741 
 
 All Years 0.265 0.168 0.197 0.193 0.271 1.029 
 
a n.c. indicates not collected. N.D. indicates not detected. 
b Indicates fish were not found.  
 Figure 5.1. Mean concentrations of congeners grouped by degree of chlorination (A) and 
frequency of detections (B) in sediments (SED) and floodplain soils (FP) collected 2001-
2005 from the Bayou creek system. Upstream stations included Massac creek (MC), 
BB1A-BB2; stations in the effluent receiving zone included BB3-BB9; and Little Bayou 
creek (LBC) included stations LB2-LB4. 
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 Figure 5.2. Mean concentrations of congeners grouped by degree of chlorination in fish 
fillets collected 2001-2005 from the Bayou creek system. Fish included bluegill (BG), 
green sunfish (GS), longear sunfish (LS), largemouth bass (LMB), and yellow bullhead 
catfish (YBH). (A) Upstream stations included Massac creek (MC), BB1A-BB2; (B) 
stations in the effluent receiving zone included BB3-BB9; and (C) stations in Little 
Bayou creek (LBC) included LB2-LB4. 
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 Figure 5.3. Frequency of detections of congeners in fish fillets collected 2001-2005 from 
the Bayou creek system. Fish included bluegill (BG), green sunfish (GS), longear sunfish 
(LS), largemouth bass (LMB), and yellow bullhead catfish (YBH). (A) Upstream stations 
included Massac creek (MC), BB1A-BB2; (B) stations in the effluent receiving zone 
included BB3-BB9; and (C) stations in Little Bayou creek (LBC) included LB2-LB4. 
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Figure 5.4. Mean concentrations of congeners grouped by degree of chlorination (A) and 
frequency of detections (B) in whole-body stoneroller minnows collected 2001-2005 
from the Bayou creek system. Upstream stations included Massac creek (MC), BB1A-
BB2; stations in the effluent receiving zone included BB3-BB9; and Little Bayou creek 
(LBC) included stations LB2-LB4. 
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Figure 5.5. Seasonal variations for congeners grouped by degree of chlorination in stream 
sediments (A) and floodplain soils (B). Samples collected 2001-2005 from the Bayou 
creek system. Upstream stations included Massac creek (MC), BB1A-BB2; stations in 
the effluent receiving zone included BB3-BB9; and Little Bayou creek (LBC) included 
stations LB2-LB4. Asterisk (*) denote significant differences (t-test, p<0.05). 
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 Figure 5.6. Seasonal variations for congeners grouped by degree of chlorination in fish 
fillets collected 2001-2005 from the Bayou creek system. Fish included bluegill (BG), 
green sunfish (GS), longear sunfish (LS), largemouth bass (LMB), and yellow bullhead 
catfish (YBH). (A) Upstream stations included Massac creek (MC), BB1A-BB2; (B) 
stations in the effluent receiving zone included BB3-BB9; and (C) Little Bayou creek 
(LBC) included stations LB2-LB4. Asterisk (*) denote significant differences (t-test, 
p<0.05). 
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Figure 5.7. Seasonal variations for congeners grouped by degree of chlorination in whole-
body stoneroller minnows collected from the Bayou creek system. Comparisons included 
collections for the years 2001 (A) and 2003 (B). Upstream stations included Massac 
creek (MC), BB1A-BB2; stations in the effluent receiving zone included BB3-BB9; and 
Little Bayou creek (LBC) included stations LB2-LB4. Asterisk (*) denote significant 
differences (t-test, p<0.05). 
 
A 
0.00
5.00
10.00
15.00
20.00
25.00
B 
30.00
35.00
C
on
ge
ne
r C
on
c.
 (µ
g/
K
g)
Spring
Summer
March vs . August 2001
*
*
* *
*
*
*
*
*
* *
*
*
*
0.00
10.00
20.00
30.00
40.00
50.00
60.00
tr
i
te
tr
a
pe
nt
a
he
xa
he
pa
oc
ta
no
na tr
i
te
tr
a
pe
nt
a
he
xa
he
pa
oc
ta
no
na tr
i
te
tr
a
pe
nt
a
he
xa
he
pa
oc
ta
no
na
C
on
ge
ne
r C
on
c.
 (µ
g/
K
g)
MC-BB2 BB3-BB9 LBC
March vs . September 2003
* *
*
* * *
 Chapter 6: Determinations of bioavailable fractions and cumulative criterion units 
(CCUs) for assessments of metals originating from effluents of a nuclear facility on 
two freshwater streams  
 
6.1 Abstract 
 The hypothesis of this study was that even though metals may be present in the 
water column, not all of the metal concentration is available to aquatic organisms, 
therefore risk assessment based solely on total recoverable metals would overestimate 
environmental impacts. Chemical characterizations and biomonitoring were conducted on 
Big and Little Bayou creeks. Water, sediments, and sentinel fish samples were analyzed 
for nine metals (Ag, Be, Cd, total Cr, Cu, Fe, Ni, Pb, and Zn). Metal body burdens in 
stoneroller minnows were used to develop multipliers to convert total recoverable water 
metal concentrations to bioavailable metal concentrations. In addition, cumulative 
criterion units (CCUs) were calculated to determine additive ecological impacts due to 
metal mixtures. Detections of Be, Cr, and Pb in waters from Big Bayou creek tended to 
be sporadic, while Ag, Cu, Ni, and Zn were consistently detected, indicating chronic 
contamination by these metals. Determinations of bioavailable fractions for stations in the 
effluent receiving zone (ERZ, stations BB4-BB7) indicated that for Cd, Cr, Fe, and Pb, 
less than half of the water column metal was bioavailable to stoneroller minnows. In 
contrast, 60 % of Ag, 73 % of Cu, and 64 % of Zn were bioavailable to stoneroller 
minnows in the ERZ. In Big Bayou creek, stoneroller minnow Cu body burden correlated 
with water column Cu, but poorly with sediment Cu, indicating that most of the copper 
uptake was from the water column. Unlike results from Big Bayou creek where only 3 
metals were >59 % bioavailable, most metals found in Little Bayou creek water were >70 
% bioavailable. In general, most of the sediment metals from both streams did not 
correlate with stoneroller minnow body burden, possibly due to high binding of the 
metals to the sediments. No seasonal changes were observed in metal concentrations. 
Results from this study support the hypothesis that total recoverable metal concentrations 
overestimated biologically available metal concentrations. Although macroinvertebrate 
metrics were not determined, CCUs proved useful in determining stream sectors that 
could be potentially affected by additive metal interactions. 
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 6.2 Introduction 
A large number of freshwater stream systems have been contaminated due to 
metal pollution. These metals tend to be retained in aquatic systems over a long period of 
time (49,173). Water quality regulations protecting aquatic life from metal exposures 
have been in place in the United States (U.S.), Canada, and the European Union (E.U.) 
for several decades (174). In the past, water quality criteria for metals have been set by 
the U.S. EPA based on total recoverable metals (30). However, the U.S. EPA changed its 
policy and recommended that individual states use risk management decisions which 
consider sediment, food web effects, and other fate-related issues when deciding to use 
recoverable or dissolved metal criteria to set and measure compliance with water quality 
standards (175). The U.S. EPA typically establishes two water quality criteria for the 
protection of aquatic organisms. According to the U.S. EPA (30,60,61): “the acute water 
quality criteria, or criteria maximum concentration, is an estimate of the highest 
concentration of a material in surface water to which an aquatic community can be 
exposed briefly without resulting in an unacceptable effect”, and “the chronic water 
quality criteria, or criterion continuous concentration, is an estimate of the highest 
concentration of a material in surface water to which an aquatic community can be 
exposed indefinitely without resulting in an unacceptable effect”.  
Birge et al. (78) indicated that correlations of total recoverable water column 
metals versus metal body burden were weak due to the fact that total recoverable metal 
concentrations remained elevated downstream of impacted areas where ecological impact 
was less discernable. The authors attributed their findings to metal complexation or 
competition which reduced bioavailable metals downstream of the impacted area. In 
addition, the authors used a novel approach to estimate metal bioavailability; converting 
body burden into multipliers to convert total recoverable water metal concentrations to 
bioavailable values. These bioavailable concentrations are a function of water quality and 
organism of concern (10). This newly developed approach was used to determine 
bioavailable fractions for nine metals of concern in this study. Similar to Peijnenburg and 
Jager (8), I have defined bioavailable fraction as that portion of the total recoverable 
metal present in the water column that is available for uptake by the stoneroller minnow 
from all routes of exposure. Determination of bioavailable metals, based on in-situ fish 
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 body burden, provides a more realistic scenario of metal interactions in aquatic systems 
than total recoverable metal values.  
Municipal and industrial effluents are regulated in the U.S. by the National 
Pollutant Discharge Elimination System (NPDES) which applies numerical limitations 
for individual chemicals and acute and/or chronic biomonitoring requirements (39). 
However, Birge et al. (39) indicated that NPDES biomonitoring may not provide the 
expected degree of environmental protection since it concentrates on individual 
chemicals, which precludes the assessment of additive or synergistic metal interactions. 
These metal interactions and the potential for environmental impacts can be determined 
by the use of an additive model used to calculate cumulative criterion units (CCUs), as 
presented by several researchers (39,78-81). Although this procedure has been slow to be 
adopted, CCU determinations are a useful method for linking ecotoxicological data with 
ecological assessments (81). 
Chemical characterizations and biomonitoring of Big and Little Bayou creeks 
were conducted in 2000-2005. Monitoring studies were conducted as part of the 
Biological Monitoring Plan for the Paducah Gaseous Diffusion Plant (PGDP) developed 
by Birge et al. (82). The PGDP, located in Paducah, KY (McCracken county), is the only 
operating uranium enrichment facility in the U.S. (83). The study site, with established 
point sources of metals, presented a unique opportunity to investigate impacts of heavy 
metals and their relationships between water, sediments, and fish. Both streams receive 
effluent outfalls originating from plant operations. Most of the flow within the Bayou 
system is from process effluents or surface runoff from the PGDP. Biomonitoring 
surveys included the metal analyses of stream water, sediments, and stoneroller minnows. 
Metals of concern investigated were silver (Ag), beryllium (Be), cadmium (Cd), 
chromium (Cr), copper (Cu), iron (Fe), nickel (Ni), lead (Pb), and zinc (Zn). These metals 
were significant to the study area because of their use by the Paducah Gaseous Diffusion 
Plant (PGDP) during their operations. For example, Ag originated from photographic 
processing, Be may have been released during historic smelter operations at the PGDP, 
chromium was historically used at the PGDP as an anti-corrosive agent and chromated 
water spills drained into effluents, and zinc-based paints were used to repaint uranium 
hexafluoride transport cylinders (39). 
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 The stoneroller minnow (Campostoma anomalum), a forage species, was selected 
for this study as a sentinel monitor since these benthic feeders are in direct contact with 
and ingest contaminated sediments, resulting in dietary, dermal and respiratory routes of 
uptake. In addition, stoneroller minnows were abundant and usually found at every 
sampling station. Stoneroller minnows are tolerant fish that are widespread across most 
eastern and central U.S., throughout the Mississippi River basin, and occur in almost 
every stream in Kentucky (90,95,97,99). The stoneroller minnow was well suited as a 
sentinel monitor and it fulfilled many of the characteristics described for a sentinel by 
Beeby (2) and the National Research Council (4). In the past, our laboratory has focused 
on the stoneroller minnow as an instream sentinel monitor of contaminant exposure in 
which correlations between metal body burden and both biological and ecological effects 
were reported (78,130). The objectives of this study were to extend the use of sentinel 
organisms to 1) localize patterns and degrees of contamination, 2) distinguish between 
bioavailable and non-bioavailable metals, 3) determine temporal variations in metal 
concentrations, 4) determine additive metal interactions, and 5) define accurate exposure 
scenarios for localized populations of freshwater organisms.  
 
6.3 Materials and Methods 
 The two streams studied, Big and Little Bayou creeks, received PGDP effluent 
discharges from 8 continuously-flowing and 9 intermittently-flowing effluents monitored 
under the Kentucky regulatory Pollutant Discharge Elimination System (KPDES). Big 
Bayou creek has mainly been impacted by heavy metals and to a lesser degree by PCBs, 
whereas Little Bayou creek is moderately impacted by PCBs and to a lesser degree by 
metals. Detailed descriptions of the study site and sampling stations are presented in 
Chapters 1 and 2. Nine sampling events were conducted during 2000 through 2005, of 
which 5 events were conducted during the spring and the remainder were conducted late-
summer to early-fall to correspond with high- and low-flow stream conditions, 
respectively (Chapter 4). A total of 467 stoneroller minnows were analyzed for metals 
which included 37 from Massac creek, 345 from Big Bayou creek, and 85 from Little 
Bayou creek. 
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 Water, sediment, floodplain soils, and fish collections are described in Chapter 2. 
Acidified water samples were analyzed directly for total recoverable (TR) metals. 
Sediments and floodplain soils were digested according to procedures described in EPA 
Method 3050B and ASTM Method D 3974-81 (133,137). Stoneroller minnows selected 
for metal analysis were prepared according to modified procedures described by 
Hogstrand et al. (57), U.S. EPA (133), and Shaw et al. (138). In order to eliminate any 
bias due to ingested sediments, the viscera (gut) were removed from these specimens and 
digested and analyzed separately. The results represent whole body stoneroller minnows 
without the gut. Metal analysis was performed using a Varian Vista-MPX simultaneous 
Inductively Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES) and a Varian 
model Spectra AA-20 graphite furnace Atomic Absorption Spectrophotometer (AAS) as 
described by U.S. EPA (133).  
As described by Birge et al. (78), stoneroller minnow metal body burdens were used 
to develop multipliers in order to convert total recoverable metal concentrations in stream 
water to bioavailable metal concentrations. The formula used was as follows: 
( )CFM
M
MM TR
RBB
BB
BF ××=
 
where MBF = bioavailable metal fraction (µg/L), MBB = stoneroller minnow body burden 
(µg/g), MRBB = reference stoneroller minnow body burden (µg/g), MTR = instream total 
recoverable metal (µg/L), and CF = freshwater chronic conversion factor. The reference 
body burden was taken at the sampling station with maximum stoneroller minnow body 
burden. Freshwater acute and chronic conversion factors were obtained from the U.S. 
EPA (60,61). The chronic conversion factors for chromium (VI), copper, nickel, and zinc 
were 0.962, 0.960, 0.997, and 0.986, respectively. No recommended chronic conversion 
factor were given for silver, therefore the acute conversion factor of 0.85 was applied. 
This conversion factor was selected as a conservative approach for the protection of 
aquatic organisms. The U.S. EPA (176) is currently revising the regulations for chronic 
contamination by Ag. There is no recommended conversion factor for beryllium; 
therefore a value of 1.0 was applied, a conservative value that assumes all the Be present 
can cause chronic effects. Cadmium and lead conversion factors were hardness dependent 
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 and were calculated for each station based on the U.S. EPA (60,61) formulas: 1.101672-
[(ln hardness)x(0.041838)] and 1.46203-[(ln hardness)x(0.145712)], respectively. 
Cumulative criterion units (CCUs) were calculated in order to determine additive 
impacts due to metal mixtures. CCUs were determined from formulas presented by Birge 
et al. (39,78), Clements et al. (79), and NAS/NAE (177). The formula used for this study 
was the following: 
B
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
Zn
Zn
Ni
Ni
Pb
Pb
Cu
Cu
Cr
Cr
Cd
Cd
Be
Be
Ag
AgCCU +++++++=
 
where A = total recoverable water concentration (MTR) and B = freshwater chronic 
criterion value obtained from the U.S. EPA (61).The chronic criterion values for 
cadmium, chromium (VI), copper, lead, nickel, and zinc were: 0.25, 11, 9.0, 2.5, 52, 120, 
respectively. No chronic criterion had been recommended for silver, therefore the acute 
criterion of 3.2 was applied. There was no recommended criterion value for beryllium, 
therefore a value of 1.0 was applied. As described above, a more conservative approach 
for the protection of aquatic organisms was selected for Ag and Be. Speciation of 
chromium was not determined, however, Cr+6 was historically used at the PGDP as an 
anti-corrosive agent and chromated water spills drained into effluents, therefore, 
calculated bioavailable fractions were based on total chromium and the U.S. EPA chronic 
criterion value for chromium (VI) was used. The use of the hexavalent Cr values 
provided more stringent protection of aquatic organisms. 
Statistical procedures were performed at the University of Kentucky Center for 
Statistical Computing Support. Statistics included t-tests; Analysis of variance 
(ANOVA); Tukey’s HSD; Duncan’s MRT; and correlation coefficients, which were 
calculated using SPSS® Version 13.0 for Windows and STATISTICA Version 5.5 
statistical software. 
 
6.4 Results and Discussion 
 Values obtained for hardness and conductivity are presented in Tables 6.1 and 
6.2, respectively. Hardness values were used in determining chronic conversions factors 
for cadmium and lead, as described above (Section 6.3). Elevated levels for hardness and 
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 conductivity were observed in stations BB6 through BB9 for most sampling dates, which 
were due to KPDES effluent 001. On average, effluent 001 discharges approximately 6.2 
X 106 L/d, which is almost half of the total discharge into Big Bayou creek (85). For 
Little Bayou creek, hardness and conductivity remained somewhat stable. Both 
parameters in effluent 010+011 were similar to results from stream stations, indicating 
that this effluent was not a major source of electrolytes into the stream. Total recoverable 
water concentrations, stoneroller minnow body burdens, and current U.S. EPA (60,61) 
chronic criterion values were used to calculate bioavailable metal fractions were 
calculated for several priority metals. Concentrations of metals in water and fish tissues 
from Big Bayou creek are presented in Tables A-61 through A-69 and graphically in 
Figures 6.1-6.8 for a subset of the sampling dates. For Little Bayou, concentrations of 
metals in water and fish tissues are presented in Tables 6.3 and 6.4. Percentage of 
bioavailable fractions in individual stations from Big and Little Bayou creeks are 
presented in the Tables 6.5 and 6.6, respectively. Bioavailable fractions averaged for 
spring and summer are presented in Table A-70. Average metal concentrations in 
sediments are shown in Tables A-71 through A-79. The U.S. EPA has not established 
sediment criterion standards, since sediments tend to be highly variable and the 
recommended standards tend to be “narrative standards” which are difficult to implement 
(178). 
 
 6.4.1. Big Bayou Creek 
 Silver (Ag) values for stoneroller body burdens, total recoverable water 
concentrations, and bioavailable fractions are presented in Table A-61, and represented 
graphically in Figure 6.1 for certain sampling dates. Water Ag was not detected in any 
station for the August 2001 and March 2004 collections, which did not allow calculations 
of bioavailable fractions for these dates. Stoneroller minnow Ag body burden was highest 
in March 2001, followed by decreasing concentrations over time (Figure 6.1). In general, 
water Ag in Big Bayou creek increased downstream of station BB4 followed by 
decreases at stations BB8 and BB9. As expected, highest stoneroller minnow Ag body 
burden was observed in the effluent receiving zone (ERZ; stations BB4-BB7). Although 
Ag was detected in the water column, the concentrations of Ag considered bioavailable 
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 were somewhat low. When averaged for all sampling dates (mean ± SEM), 60.2 ± 4.3 % 
of the total recoverable Ag in the ERZ was bioavailable to stoneroller minnows. In 
comparison, only 29.2 ± 6.5 % of the Ag was bioavailable in upstream sites (BB1A, 
BB1,BB2). Average bioavailable fractions for Ag were higher during the summer, with 
the highest levels observed in stations BB6 through BB8 (Table A-70). However, there 
was no significant difference (ANOVA, p <0.050) in bioavailability between spring and 
summer. In general, sediment Ag concentrations remained somewhat constant over time 
(Table A-71). Strongest correlations between stoneroller minnow body burden and 
sediment levels were obtained in March 2003 (r = 0.59, p = 0.074) and March 2004 (r = 
0.67, p = 0.035). All water Ag concentrations in Big Bayou creek were below the U.S. 
EPA National Recommended acute criteria of 3.2 µg/L (61). Hogstrand and Wood (50) 
indicated that freshwater acute toxicity is caused by the free Ag+2 ion, but they were 
doubtful that Ag discharges into freshwaters ever resulted in high enough Ag+2 levels to 
cause acute toxicity. The authors also indicated that “the U.S. EPA hardness equation for 
regulating acute toxicity was faulty and additional research is needed”. Therefore, the 
established acute criteria may not be as protective to aquatic organisms from toxic effects 
of Ag. Relevant to this study, the authors (50) also indicated that data for chronic toxicity 
were sparse, but suggested that Ag was toxic even at very low levels. Detections of Ag in 
stoneroller minnows from Big Bayou creek indicated that uptake of Ag by stoneroller 
minnows may be due to chronic exposures. Priority must be placed in developing 
accurate acute and chronic criteria protective of freshwater aquatic organisms. 
 Beryllium (Be) may have been released during historic smelter operations at the 
PGDP, and was therefore considered during this study. Beryllium values for stoneroller 
body burdens, water concentrations, and bioavailable fractions for Massac and Big Bayou 
creeks are presented in Table A-62, and represented graphically in Figure 6.2 for certain 
sampling dates. Water samples collected March 2005 and stoneroller minnows collected 
March 2003 and 2005 did not have detectable levels of Be at any of the stations, therefore 
calculations of bioavailable fractions were not possible for these dates. Station BB6 had 
the highest water Be levels in March 2000 and 2001. Highest stoneroller minnow Be 
body burden was found in June 2002, followed by decreasing levels in September 2003, 
March 2004, and March 2005. With the exception of results obtained for the March 2000 
 175
 and 2001 collections, most Be concentrations in stoneroller minnows were similar or 
lower than the levels in the reference stations. When averaged for all sampling dates 
(mean ± SEM), 61.0 ± 6.2 % of the total recoverable Be in the ERZ was bioavailable to 
stoneroller minnows, whereas only 11 % was bioavailable in March 2004 (Table 6.5). No 
differences in bioavailability were observed between the ERZ, upstream stations, and 
downstream stations, with 58.3 ± 8.2 % and 59.4 ± 11.7 % of Be being bioavailable at 
upstream and downstream stations, respectively. Overall, bioavailable fractions for Be 
were highest for stations BB7 and BB8 during the summer, but no statistical differences 
were obtained between spring and summer (Table A-70). Sediment Be concentrations 
ranged from not detected to 0.75 µg/g, with the highest concentrations being observed in 
August 2001 (station BB6) and March 2005 (effluent 001) (Table A-72). No correlations 
were obtained between stoneroller minnow body burden and sediment Be for any of the 
sampling dates. Initially stoneroller minnow Be body burdens in the ERZ were above the 
levels found in the reference stations, however, tissue Be decreased over time. Although 
Be was still being found in the water column, most of the Be was not available to the 
stoneroller minnow. The U.S. EPA (30) noted that chronic toxicity to freshwater aquatic 
life occurred at concentrations as low as 5.3 µg/L; however, most of the water values 
obtained in this study were below this concentration indicating that Be was a minor 
contaminant in the Bayou Creek system. 
Cadmium (Cd) values for stoneroller minnows, water, and bioavailable fractions 
are presented in Table A-63, and represented graphically in Figure 6.3 for certain 
sampling dates. Cadmium was not found in water samples collected March 2003 and 
2005, and also was not detected in fish collected March 2005, preventing determinations 
of bioavailable fractions for these dates. Cadmium in the water was highest for stations 
BB6 through BB9 (Figure 6.3). Water Cd levels exceeded the U.S. EPA freshwater 
chronic criterion value of 0.25 µg/L (61) downstream of effluent 001 (i.e. BB6-BB9) on 
four sampling dates (Table A-63). Stoneroller minnows from the ERZ collected March 
2000 and September 2003 had higher Cd concentrations than those observed at the 
reference stations. In addition, stoneroller minnow Cd was elevated in stations BB8 and 
BB9 for the June 2002 collection. Bioavailable Cd trends tended to correspond with 
stoneroller minnow body burdens for the June 2002 and September 2003 collections. In 
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 general, Cd concentrations did decrease over time, with the lowest levels observed during 
the last two collections. When averaged for all sampling dates (mean ± SEM), 34.7 ± 8.8 
% of the total recoverable Cd in the ERZ was bioavailable to stoneroller minnows, with 
only 12 % bioavailable during the March 2004 collection (Table 6.5). No trends could be 
determined between spring and summer bioavailable fractions of Cd and the results were 
inconclusive (Table A-70). Sediment Cd concentrations ranged from not detected to 1.95 
µg/g, with the highest levels obtained in March 2005 (effluent 001; Table A-73). The 
majority of the sediment Cd was found for stations in the ERZ. Stoneroller minnow Cd 
body burden and sediment Cd was correlated only in August 2001 (r = 0.81, p = 0.050). 
Poor correlations were obtained for the other sampling dates. As observed with Be, 
stoneroller minnow Cd body burden decreased over time even though Cd was present in 
the water column and the Cd chronic criterion was exceeded on several occasions. These 
findings indicated that when Cd was detected in Big Bayou creek over 65 % was non-
bioavailable to the stoneroller minnow.  
 Since speciation of chromium was not determined, bioavailable fractions for 
chromium (Cr) were calculated based on total chromium and the U.S. EPA chronic 
criterion value for Cr+6 was used. This metal form was historically used at the PGDP as 
an anti-corrosive agent and chromated water spills drained into effluents (39). Total 
chromium (Cr) values for stoneroller minnows, water, and bioavailable fractions are 
presented in Table A-64, and represented graphically in Figure 6.4 for certain sampling 
dates. Bioavailable fractions of Cr could not be determined for samples collected June 
2002 and March 2004 (Table A-64). Although most water Cr levels increased with 
downstream progression, Cr levels in stoneroller minnows remained fairly constant 
(Figure 6.4). In most cases stoneroller minnows from the ERZ had similar or lower 
concentrations than those from the reference stations. Levels of Cr in water samples from 
Big Bayou creek never exceeded the U.S. EPA freshwater chronic criterion value of 11 
µg/L (61). Even though Cr was entering Big Bayou creek from the plant, most remained 
unavailable to the stoneroller minnow. When averaged for all sampling dates (mean ± 
SEM), 46.9 ± 5.9 % of the total recoverable Cr in the ERZ was bioavailable to stoneroller 
minnows (Table 6.5). No differences in bioavailability were observed between the ERZ, 
upstream stations, and downstream stations, with 51.9 ± 12.4 % and 58.6 ± 19.7 % of Cr 
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 being bioavailable at upstream and downstream stations, respectively. The highest 
sediment Cr was observed in September 2003, but elevated concentrations were also 
detected at upstream reference station BB1A (Table A-74). No correlations were found 
between stoneroller minnow body burden and sediment Cr. Detections of Cr in water 
samples tended to be sporadic during the study period and most of the stoneroller 
minnow Cr body burden remained unchanged throughout Big Bayou creek. Results of 
seasonal variations indicated slightly higher bioavailable fractions of Cr in the summer 
for stations BB6 through BB9, however, no statistical difference between the seasons was 
obtained (Table A-70). 
 Copper (Cu) is an essential metal to organisms, but has been an historical 
contaminant in Big Bayou creek. Copper values for stoneroller minnows, water, and 
bioavailable fractions are presented in Table A-65, and represented graphically in Figure 
6.5 for certain sampling dates. September 2003 was the only date in which Cu was not 
detected in stream water from Big Bayou creek. As expected, water Cu was highest in 
stations of the ERZ and decreased in downstream stations BB8 and BB9 (Figure 6.5). 
Water Cu increased downstream of station BB3, whereas Cu in stoneroller minnows 
increased downstream of station BB4. Overall, bioavailable Cu strongly correlated with 
body burden values for the stoneroller minnow. Correlation coefficients were 0.70 (p = 
0.071), 0.94 (p = 0.001), 0.83 (p = 0.011), and 0.98 (p = 0.000) for samples collected in 
March 2001, August 2001, June 2002, and March 2005, respectively. Weaker 
correlations were obtained for March 2003 (r = 0.67, p = 0.145) and March 2004 (r = 
0.33, p = 0.52). The majority of Cu in the water column was in a bioavailable form, with 
73.3 ± 3.8 % of the total recoverable Cu in the ERZ (averaged for all dates) being 
bioavailable to the stoneroller minnow (Table 6.5). In March 2003 about 89 % of the Cu 
in the ERZ was bioavailable and in March 2004 about 87 % was bioavailable. In contrast, 
only 29.0 ± 5.8 % of the Cu in upstream stations was bioavailable to stoneroller 
minnows. Average bioavailable fractions of Cu were statistically similar (ANOVA, p < 
0.050) between spring and summer, with concentrations peaking at stations BB4 through 
BB6 (Table A-70). Average sediment Cu concentrations are presented in Table A-75. 
Sediment Cu tended to be elevated downstream of station BB5, possibly due to influx of 
Cu from effluent 001. Weak correlations were obtained between stoneroller minnow 
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 body burden and sediment Cu, with the best correlations in June 2002 (r = 0.34, p = 
0.310) and March 2003 (r = 0.46, p = 0.212). Based on these findings, water Cu was 
having significant impacts on Big Bayou creek. Water Cu levels exceeded the U.S. EPA 
freshwater chronic criterion value of 9 µg/L (61) in March 2005, but none of the 
sampling dates exceeded the acute criterion of 13 µg/L (Table A-65). Pacheco et al. (179) 
presented a system that utilized maximum number of organisms and contaminant 
concentration to determine chronic concentrations. In their study, stoneroller minnow Cu 
chronic concentration was calculated to be 24.72 µg/L, however, this determination was 
highly conservative when compared to the results from this study. 
 Iron (Fe) values for stoneroller minnows, water, and bioavailable fractions are 
presented in Table A-66. Concentrations of Fe in water and stoneroller minnows did not 
vary greatly throughout Big Bayou creek and bioavailable Fe was somewhat low. No 
differences in bioavailability were observed between the ERZ, upstream stations, and 
downstream stations. When averaged for all sampling dates (mean ± SEM), the 
percentages of total recoverable Fe that were bioavailable were 48.6 ± 7.2 %, 47.0 ± 6.1, 
and 56.5 ± 10.5 for upstream sites, the ERZ, and downstream sites, respectively (Table 
6.5). Based on levels obtained for the upstream reference stations, it appeared that Fe 
found in Big Bayou creek probably did not all originate from the PGDP, may have been 
naturally occurring, and was not posing a significant impact upon the stream. Average 
bioavailable fractions of Fe for spring and summer were not significantly different 
(ANOVA, p <0.050; Table A-61). As with water and tissue concentrations, sediment Fe 
did not vary between sampling stations, and between sampling dates (Table A-76). No 
correlations were obtained between stoneroller minnow body burden and sediment Fe. 
 Nickel (Ni) values for stoneroller minnows, water, and bioavailable fractions are 
presented in Table A-67, and represented graphically in Figure 6.6 for certain sampling 
dates. Nickel was detected in water and stoneroller minnows during all collecting events. 
Water Ni increased with downstream progression and tended to be elevated downstream 
of station BB5. Concentrations of Ni in stoneroller minnows were highest in March and 
August 2001 (Figure 6.6). In March 2005 body burdens in stoneroller minnows from the 
ERZ was higher than those from the reference stations, indicating recent influx of Ni into 
Big Bayou creek. No differences in bioavailability were observed between the ERZ, 
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 upstream stations, and downstream stations. When averaged for all sampling dates (mean 
± SEM), the percentages of total recoverable Ni that were bioavailable were 53.8 ± 6.1 
%, 55.0 ± 5.6, and 72.4 ± 8.2 for upstream sites, the ERZ, and downstream sites, 
respectively (Table 6.5). Correlations between total recoverable Ni and stoneroller 
minnow Ni body burden were significant only in March 2005 (r = 0.80, p = 0.005). No 
seasonal differences (ANOVA, p <0.050) were observed for bioavailable fractions of Ni, 
although concentrations increased at stations BB5 through BB9 (Table A-70). Sediment 
Ni remained somewhat constant between sampling stations and dates (Table A-77). 
Nickel levels in sediments from the ERZ were similar to levels from upstream reference 
stations. However, effluent 001 had slightly higher sediment Ni levels and was probably 
a source of Ni into Big Bayou creek. Correlations obtained between stoneroller minnow 
body burden and sediment Ni were strongest in March 2001 (r = 0.74, p = 0.009) and no 
correlations were found for the other sampling dates. The U.S. EPA chronic criterion 
value for Ni was 52 µg/L (61), which is much higher than any Ni detected during any of 
the sampling events. However, detections of Ni in stoneroller minnows indicated that 
chronic uptake of Ni was occurring in stoneroller minnows from Big Bayou creek. 
Lead (Pb) values for stoneroller minnows, water, and bioavailable fractions are 
presented in Table A-68, and represented graphically in Figure 6.7 for certain dates. 
Detections of Pb in the water tended to be infrequent and bioavailable Pb could not be 
determined for samples collected March 2003, 2004, and 2005. When detected, Pb in the 
water tended to increase downstream of station BB5 indicating that effluent 001 was 
actively introducing Pb into Big Bayou creek. Water Pb exceeded the U.S EPA 
freshwater chronic criterion value of 2.5 µg/L (61) in March 2000, June 2002, and March 
2003 (Table A-68). Results by Hirst et al. (81) suggested that Pb had toxic effects on 
diatoms but not macroinvertebrates and therefore Pb had either limited bioavailability or 
the hardness equation overcorrected for its toxicity. Limited bioavailability of Pb was 
also occurring in stoneroller minnows from Big Bayou creek. When averaged for all 
sampling dates (mean ± SEM), only 48.2 ± 5.5 % of the total recoverable Pb in the ERZ 
was bioavailable (Table 6.5). In contrast to other metals, Pb bioavailable fractions tended 
to be higher in the spring for stations BB6 through BB8, however, no significant 
differences (ANOVA, p <0.050) were obtained between spring and summer 
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 concentrations (Table A-70). In March 2000, the concentrations of Pb in stoneroller 
minnows from the ERZ were higher than levels from the reference stations. For all other 
sampling dates stoneroller minnow Pb body burdens were somewhat similar to levels 
found in the reference stations, except in June 2002, which had elevated Pb levels at 
stations BB8 and BB9 (Figure 6.7). Although Pb was not found in the stoneroller minnow 
during 2005, significant Pb was detected in water from Big Bayou creek (Table A-68). 
Sediment Pb concentrations were similar for all stream stations and effluents in Big 
Bayou creek (Table A-78). As observed with Ni, March 2001 had the strongest 
correlations (r = 0.71, p = 0.014) between stoneroller minnow Pb body burden and 
sediment Pb. Weak correlations were obtained for the other sampling dates. Although 
results of Pb in water samples pointed to effluent 001 as a source, the levels of Pb in 
sediments at effluent 001 were similar to levels found in the stream. The source of Pb 
into Big Bayou creek is yet to be pinpointed.  
Zinc (Zn) values for stoneroller minnow body burdens, total recoverable water 
concentrations, and bioavailable fractions are presented in Table A-69, and represented 
graphically in Figure 6.8 for certain sampling dates. Water Zn tended to be higher in 
stations downstream of BB3. Levels of Zn in water samples exceeded the U.S. EPA 
freshwater chronic criterion value of 120 µg/L (61) only in March 2000 (station BB7; 
Table 6.11). As observed with Ni, no differences in bioavailability were observed 
between the ERZ, upstream stations, and downstream stations. When averaged for all 
sampling dates (mean ± SEM), the percentages of total recoverable Zn that were 
bioavailable were 74.9 ± 3.4 %, 64.4 ± 3.9, and 79.8 ± 9.7 for upstream sites, the ERZ, 
and downstream sites, respectively (Table 6.5). No correlations were obtained between 
stoneroller minnow body burden and water Zn concentrations. Birge et al. (39) indicated 
that Zn levels were highest at reference stations and may have not been a factor in metal 
interactions affecting stream ecology. However, results from this study indicate with time 
that water column Zn has increased to levels above those found in the upstream stations, 
but impact on the stoneroller minnow has not yet been observed. Averaged bioavailable 
fractions of Zn tended to be higher in the spring for stations BB6 and BB7, but no 
significant differences (ANOVA, p <0.050) were obtained between the two seasons 
(Table A-70). Average sediment Zn concentrations are presented in Table A-79. 
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 Effluents 008 and 001 tended to have the highest sediment Zn levels, which impacted 
stations in the ERZ. However, no correlations were found between stoneroller minnow 
body burden and sediment Zn. The stoneroller minnow Zn body burden results were 
inconclusive and no trends were evident. 
 
 6.4.2. Little Bayou Creek 
 Although major contaminants in Little Bayou creek consisted of polychlorinated 
biphenyls (PCBs), some metal contamination has occurred, especially with zinc. Values 
for stoneroller body burdens, total recoverable water concentrations, and bioavailable 
fractions of Ag, Be, Cd, and total Cr are presented in Table 6.3. Values for Cu, Ni, Pb, 
and Zn are shown in Table 6.4. Percentage of bioavailable fractions in individual stations 
from Little Bayou creek are presented in Table 6.6.  
Lack of Ag detections in stream water from Little Bayou creek prevented 
calculations of bioavailable Ag fractions for most collection dates. The averaged Ag 
bioavailable fractions tended to be higher during the summer as compared to spring 
values (Table 6.6). Average Ag concentrations in sediments are presented in Table A-71. 
In general, Ag in stoneroller minnows and in sediments did not vary among stream 
stations and between sampling dates, which indicated that Ag had limited impacts to 
Little Bayou creek.  
Concentrations of Be and Cd in water and stoneroller minnows were highest in 
June 2002, however, the remaining dates presented values that were low and did not 
show differences between sampling stations. The averaged Be bioavailable fractions were 
highest during the spring for stations LB3 and LB4 as compared to summer values (Table 
6.6). Concentrations of Be in sediments from impacted stations were similar to those 
from upstream reference stations (Table A-72). Lack of Cd detections in stream water 
prevented calculations of bioavailable Cd fractions for most sampling dates (Table 6.3). 
Sediment Cd levels were highest at station LB3, but the values were similar to values 
from the upstream reference station (Table A-73). The best correlations between 
stoneroller minnow body burden and sediment concentrations for Be (r = 0.85, p = 0.349) 
and Cd (r = 0.73, p = 0.478) were obtained in March 2004, but were not significant.  
 182
 Water Cr remained constant throughout the study period (Table 6.3). Stoneroller 
minnow Cr body burden was highest during March 2005. Overall, average bioavailable 
fractions for Cr were slightly higher during the spring as compared to summer values 
(Table 6.6). The results indicated that 80.8 ± 4.9 % (mean ± SEM for all dates) of the 
total recoverable Cr in Little Bayou creek was bioavailable. Similar to trends observed 
with Cd, sediment Cr tended to be highest at station LB3 (Table A-74), although effluent 
010+011 was not a major contributor of Cr, historical chromated water spills from the 
PGDP have drained into Little Bayou creek effluents. The best correlations between 
stoneroller minnow body burden and sediment Cr were obtained in March 2003 (r = 0.85, 
p = 0.356) and March 2004 (r = 0.95, p = 0.202), but were not significant. 
 Copper concentrations in water and stoneroller minnows from Little Bayou creek 
were similar between collection dates, except during the last collection where Cu levels 
were highest (Table 6.4). Copper concentrations in waters from Little Bayou creek did 
not exceed the U.S. EPA freshwater water chronic criterion of 9.0 µg/L (61) during any 
of the sampling events, but the concentrations were close during the March 2005 
collection. In general, water Cu concentrations were highest at station LB2. When 
averaged for all sampling dates (mean ± SEM), 65.1 ± 7.8 % of the total recoverable Cu 
in the ERZ was bioavailable to the stoneroller minnow (Table 6.6). Sediment Cu 
concentrations from impacted stations were similar to those from the upstream reference 
station (Table A-75). Although not significant, the best correlations between stoneroller 
minnow body burden and sediment Cu were found March 2001 (r = 0.90, p = 0.356) and 
March 2004 (r = 0.92, p = 0.202). The results indicated that influx of Cu was mainly due 
to stream water.  
Nickel concentrations in water and stoneroller minnows were highest in March 
and August 2001 and decreased over time (Table 6.4). However results from the last 
collection indicated that Ni concentrations were on the rise. No variations were observed 
for sediment Ni concentrations among stations or between sampling dates (Table A-77). 
No correlations were obtained between stoneroller minnow body burden and sediment 
Ni. All samples from Little Bayou creek were below the U.S. EPA chronic criteria value 
of 52 µg/L (61). During the study period, nickel was not problematic in Little Bayou 
creek, however, the continuously increasing levels need to be monitored. 
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 Water Pb concentrations were also highest in March and August 2001, followed 
by decreasing levels over time (Table 6.4). Water Pb was not detected during most of the 
collection dates, which precluded calculations for bioavailable fractions. As observed in 
Big Bayou creek, averaged bioavailable fractions of Pb tended to be higher in the spring 
as compared to summer concentrations (Table 6.6). Levels of sediment Pb tended to be 
elevated at station LB3 during low-flow conditions in the summer (Table A-78). Based 
on the sediment data, effluent 010+011 did not appear to be the major source of Pb into 
Little Bayou creek. As with Ni, no correlations were obtained between stoneroller 
minnow body burden and sediment Pb. All samples were below the U.S. EPA chronic 
criterion value of 2.5 µg/L (61), although station LB2 approached this value in March 
2005. As observed in Big Bayou creek, lead appears to be an intermittent problem with 
the main source yet to be determined. 
 Zinc has been historically problematic in Little Bayou creek, with the majority of 
Zn originating from the PGDP switchyard and cylinder storage area (82). In the past, 
storage cylinders were painted with Zn-based paints which leached into Little Bayou 
creek and affected station LB1. Results from water Zn ranged from 0.96 to 34.36 µg/L 
and for Zn in stoneroller minnows the range was 0.03 to 30.64 µg/g (Table 6.4). Water 
Zn was highest at station LB2 during most of the collection dates, except August 2001 
and June 2002. Based on the results, it appeared that most of the Zn entering Little Bayou 
creek was in a bioavailable form, with 77.0 ± 5.5 % (mean ± SEM averaged for all dates) 
of the total recoverable Zn being bioavailable to the stoneroller minnow (Table 6.6). 
Similar to results in Big Bayou creek, the average bioavailable fractions for Zn were 
higher in the spring for stations LB2 and LB3 (Table A-70). As expected, Zn in 
sediments from the upstream station LB1 was highest for 5 of 8 sampling dates (Tables 
A-79). The best correlations between stoneroller minnow body burden and sediment Zn 
were found in June 2002 and March 2004 (r = 0.98 and 0.89, respectively). 
Concentrations of Zn in the water column at station LB1 exceeded the U.S. EPA chronic 
criterion value of 120 µg/L (61) in March 2004.  
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  6.4.3. Summary of Metal Determinations and Recommendations 
 Results from this study indicated that silver was a chronic contaminant in Big 
Bayou creek, with bioavailability to stoneroller minnows being highest in the ERZ. 
Beryllium was a minor contaminant in Big Bayou creek with limited impacts. Water 
concentrations of cadmium exceeded the U.S. EPA freshwater chronic criterion value on 
several occasions, however, most of the Cd tended to be non-bioavailable to stoneroller 
minnows and the tissue concentrations appeared to be decreasing with time. Although 
water Cr increased with time, total chromium did not exceed the U.S. EPA freshwater 
chronic criteria during the study period. Concentrations of Cr in stoneroller minnows 
remained somewhat constant, which indicated that impacts on the stoneroller minnow 
had not yet occurred or was limited. Copper was still a problematic contaminant in Big 
Bayou creek. Iron may have been naturally occurring and was not a significant 
contaminant in Big Bayou creek. Effluent 001 appeared to be the source of nickel into 
Big Bayou creek causing chronic uptake by the stoneroller minnow. Water concentrations 
of lead exceeded the U.S. EPA freshwater chronic criteria on several occasions, however 
bioavailability to the stoneroller minnow was low. The source of Pb has yet to be 
determined. Levels of zinc in the water remained constant, with highest values occurring 
in the ERZ. As with Cr, stoneroller minnow Zn body burdens remained somewhat 
constant, but percentages of bioavailable Zn in the water were high, which indicated that 
Zn impacts may have not yet occurred. With the exceptions of Fe and Be, continued 
monitoring of the above metals in Big Bayou creek is recommended.  
 Silver, beryllium, and cadmium appeared to have limited impacts on Little Bayou 
creek. Although levels of chromium in water from Little Bayou creek remained constant, 
stoneroller minnow body burdens increased with time, with Cr being highly bioavailable. 
Copper also was a problematic contaminant in Little Bayou creek with influxes 
originating from stream water. Constant monitoring of Cr and Cu is recommended. Even 
though nickel did not appear problematic, increasing levels over time were observed and 
further monitoring is required. Lead tended to be sporadic in Little Bayou creek and the 
unknown source needs to be determined. Zinc continued to have a major impact on Little 
Bayou creek and was highly bioavailable to stoneroller minnows. Continued monitoring 
of Zn is required. 
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  6.4.4. Cumulative Criterion Units (CCUs) 
 Most environmental contamination occurs as a mixture of chemicals. Assessments 
with metal interactions are a fairly recent development and adoption of these procedures 
has been slow. Teuscheler and Hertzberg (8) indicated that further motivation for the U.S. 
EPA to study risk assessment of chemical mixtures has been from external sources. As an 
additional assessment of possible additive metal interactions in the Bayou Creek system, 
cumulative criterion units (CCUs) were determined for 7 metals of concern at the PGDP 
(i.e. Ag, Cd, Cr, Cu, Pb, Ni, and Zn). CCUs for Big and Little Bayou creeks are presented 
in Figures 6.9 and 6.10, respectively. As indicated by Birge et al. (78), Clemments et al. 
(79), Hirst et al. (81), Pollard and Yuan (180) and Velleux et al. (181), a CCU value of 
≥1.0 would represent the potential for environmental impact. Big Bayou creek stations 
BB6-BB9 were above the CCU value of 1.0 in 7 of 9 collection dates. In addition, station 
BB4 was above the value of 1.0 in August 2001, September 2003, October 2004, and 
March 2005 (Figure 6.9). The majority of the impact was due to high CCU scores 
obtained for Cd and, to a lesser degree, CCU scores for Cu. The high CCU scores are in 
contrast to the results obtained for bioavailable Cd, since the findings indicated that most 
of the Cd in Big Bayou creek was in a non-bioavailable form to the stoneroller minnow. 
However, Cd could impact some of the more metal sensitive macroinvertebrate species, 
but further study is required. The three major effluents in Big Bayou creek (001, 006, and 
008) accounted for the impacts on respective downstream stations. Based on results from 
March 2005, the effluents still represented major influxes of metals into Big Bayou creek. 
 CCU values above 1.0 in Little Bayou creek were not observed during the March 
2001 and September 2003 collections (Figure 6.10). Stations LB2 in March 2000 and 
LB1 in March 2003 were the only stations with CCU values above 1.0 during the 
respective collection dates. High CCU scores at the reference station LB1 were mainly 
due to contributions from Zn in June 2002 and contributions from Pb in March 2003. 
Elevated CCU values in Little Bayou creek were observed in March and October 2004 
and were mainly due to contributions from Cd. In March 2005 the elevated values were 
mainly due to contributions from Cu. Although the main impact to Little Bayou creek 
was PCB contamination (Chapters 3, 4, and 5), metals also were contributing to the 
environmental impact of this stream. 
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 6.5 Summary and Conclusions 
 
• Silver was found in waters from the effluent receiving zone (ERZ) in Big Bayou creek, 
however, only 60.2 % of the silver in the water was bioavailable to the stoneroller 
minnow. Even though concentrations of silver in the water were below the acute 
criteria of 3.2 µg/L, the continuous presence of silver in stoneroller minnows from Big 
Bayou creek may have been the result of chronic exposure. No chronic criteria value 
has been established for Ag. A chronic criteria is required for in order to evaluate 
whether the biota in Big Bayou creek is at risk. 
 
• Concentrations of beryllium and cadmium in stoneroller minnows decreased over time. 
Beryllium was present in water samples from Big Bayou creek at low levels while 
cadmium exceeded the chronic criteria value on a few occasions. However, only 34.7 
% of the cadmium in the water was bioavailable to the stoneroller minnow. 
 
• Detections of total chromium in waters from Big Bayou creek were sporadic 
throughout the study period. On average, 46.9 % of the chromium in the water was 
bioavailable to the stoneroller minnow, but most of the tissue concentrations in the ERZ 
were similar to levels from the reference sites. The results indicated that total chromium 
was an intermittent problem in Big Bayou creek. 
 
• Stoneroller minnow copper body burden strongly correlated with water column copper, 
while it correlated poorly with sediment copper for samples from Big Bayou creek. In 
addition, 73.3 % of copper in the water from Big Bayou creek was bioavailable to the 
stoneroller minnow. These results indicated that most of the copper uptake was from 
the water column. Copper was a chronic contaminant throughout the study period. 
 
• Iron concentrations in Big Bayou creek were fairly constant throughout the stream. It 
appeared that iron detected in Big Bayou creek did not originate from the PGDP, may 
have been naturally occurring, and was not posing a significant impact on the stream. 
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 • Nickel was found during all collecting events and, although nickel levels in the water 
were below the freshwater chronic criteria value, stoneroller minnow Ni body burden 
were indicative that nickel was still a chronic contaminant. Influx of nickel appeared to 
be from effluent 001, with significant waterborne nickel in the downstream station 
BB6. 
 
• Detections of lead in waters from Big Bayou creek were infrequent. The freshwater 
chronic criterion was exceeded at the beginning of the study and concentrations in 
March 2005 were approaching this criterion value. The main source of lead was 
possibly effluent 001, however, more studies would be required to pinpoint the source 
of lead into Big Bayou creek. 
 
• Zinc was found in almost every station in Big Bayou creek. Effluents 008 and 001 were 
sources of zinc into Big Bayou creek, however, stoneroller minnow body burden did 
not correlate with concentrations of zinc in the water and the results were inconclusive. 
 
• In Little Bayou creek, limited contamination was observed for silver, beryllium, 
cadmium. Concentrations of Ni in water and stoneroller minnows were increasing over 
time and needs close monitoring.  
 
• In contrast to results from Big Bayou creek, most of the total chromium in Little Bayou 
creek was bioavailable to the stoneroller minnow and could be problematic. Chromium 
contamination in Little Bayou creek possibly resulted from past chromate water spills 
which drained into effluents discharging into Little Bayou creek, however our data 
could not confirm these spills contributed Cr to the stream. 
 
• As observed in Big Bayou creek, more than half of the copper in Little Bayou creek 
was bioavailable to the stoneroller minnow and most of the copper uptake was from the 
water column. 
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 • Lead was also an intermittent problem in Little Bayou creek. The main source of lead 
into the stream was not found and further studies are required to locate the source. 
 
• Zinc mainly impacted Little Bayou creek station LB1. The impacts were due to plant 
activities that resulted in zinc leaching into Little Bayou creek. Corrective measures are 
being taken by the PGDP, including the construction of a new switchyard, rerouting of 
runoff, and new formulation for cylinder paints. The historic Zn contamination in Little 
Bayou creek warrants close monitoring. 
 
• When comparing spring versus summer, the bioavailable fraction concentrations for 
Ag, Be, and Cr tended to be higher during the summer, whereas Pb and Zn were higher 
during the spring. However, no statistical differences were obtained between the 
seasons for all metals tested. Results by Robson et al. (182) demonstrated that stream 
water metal concentrations rapidly increased and peaked during a storm event, but 
decreased to background levels within roughly 2 hours. Similar circumstances appear to 
be occurring in the Bayou Creek system, which may account for the lack of differences 
between seasons. However, sampling needs to be conducted before and immediately 
after storm events to prove this theory. 
 
• As an additional assessment tool, cumulative criterion units (CCUs) were calculated to 
determine additive metal interactions for both Big and Little Bayou creeks. As 
expected, stations below the main flowing effluents had high CCU scores, indicating 
possible ecological impacts due to metals. Even though macroinvertebrate metrics were 
not determined, the determination of CCUs provided useful information regarding the 
localization of impacts to the streams. Results by Birge et al. (39,78) and Hirst et al. 
(81) have demonstrated good correlations between CCU scores and macroinvertebrate 
richness. This would indicate that, based on our results, deleterious effects to 
macroinvertebrates (i.e. decrease in species richness) would occur in stations at the 
ERZ.  
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• Based on the results of this field study, tissue analyses coupled with bioavailable metal 
calculations provided important risk assessment information on the two stream systems. 
Risk assessment based solely on total recoverable metals may overestimate the severity 
of the impacts since not all of the metal was bioavailable to aquatic organisms. Several 
developing models, such as the Windermere humic aqueous model (WHAM) and the 
biotic ligand model (BLM) (183-187) being used for predicting bioavailable metals are 
limited by their focus of a single route of exposure, namely respiratory exposure. These 
models do not take into account other important routes, such as dietary exposure.  
 
• In agreement with results presented by Birge et al. (39) and Price and Birge (130), the 
use of the stoneroller minnows as in-situ sentinel monitors proved to be a valuable 
concept and allowed the study of metal behavior in stream systems under real-world 
conditions. 
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 Table 6.1. Hardness values for Massac creek, Big and Little Bayou creeks, and KPDES 
effluents collected 2001-2005.  
 
 Hardness (mg CaCO3/L)    
    
Sampling Feb. Aug. Jun. Mar. Sept. Mar. Oct. Mar. 
Station  2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 48 36 48 44 60 40 ---A 52 
BB1A 56 60 60 56 60 52 60 52 
BB1 60 64 56 72 60 112 60 68 
BB2 48 44 60 64 68 48 64 72 
BB3 56 68 80 64 92 60 56 76 
 008 --- --- --- --- 128 68 52 60 
BB4 72 56 80 88 136 68 56 84 
 006 --- --- --- 92 88 84 6 52 
BB5 48 48 96 88 88 76 60 72 
 001 --- --- --- --- 396 332 272 296 
BB6 136 84 240 180 256 148 132 108 
BB7 144 80 232 196 272 140 136 108 
BB8 116 88 244 188 268 164 140 136 
BB9 88 88 172 212 220 144 132 124 
 
LB1 36 68 124 52 136 80 100 72 
LB2A 68 --- --- --- 132 100 72 76 
 010+011 --- --- --- --- 152 84 72 92 
LB2 64 88 96 96 116 92 72 76 
LB3 76 84 104 92 128 72 76 68 
LB4 60 64 92 96 144 84 72 84 
A Measurement not taken.
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Table 6.2. Conductivity values for Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 2001-2005.  
 
 Conductivity (µS/cm)    
    
Sampling Feb. Aug. Jun. Mar. Sept. Mar. Oct. Mar. 
Station  2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 145 107 138 121 126 129 ---A 117 
BB1A 70 235 241 187 238 231 295 227 
BB1 167 229 243 179 278 224 297 223 
BB2 131 143 230 174 228 203 378 200 
BB3 168 222 276 202 276 227 278 251 
 008 --- --- --- --- 685 --- 329 317 
BB4 225 224 308 242 770 261 309 293 
 006 --- --- --- 193 261 209 256 211 
BB5 241 216 279 220 416 228 267 231 
 001 --- --- --- --- 1331 --- 1230 1197 
BB6 573 346 1007 656 835 586 638 450 
BB7 122 355 1011 655 851 583 637 451 
BB8 25 362 289 633 859 576 640 555 
BB9 339 252 691 567 852 542 637 504 
 
LB1 83 140 269 92 261 173 --- --- 
LB2A 209 --- --- --- 340 479 528 252 
 010+011 --- --- --- --- 351 316 343 352 
LB2 230 295 361 331 340 365 230 227 
LB3 268 284 377 308 323 359 357 216 
LB4 218 141 373 282 341 336 352 344 
 
A Measurement not taken.
 Table 6.3. Silver, Beryllium, Cadmium, and Chromium in stoneroller minnows (SR BB), total recoverable in water (TR Water), and 
calculated bioavailable fractions (BF) for stations in Little Bayou creek.  
 Silver Beryllium Cadmium Total Chromium  
  SR BB TR Water BF SR BB TR Water BF SR BB TR Water BF SR BB TR Water BF 
Date Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
Mar. 2001 LB2 0.050 0.140 0.037 0.057 0.528 0.528 0.025 0.025 0.021 0.034 2.568 1.958 
 LB3 0.028 0.105 0.016 0.028 0.657 0.328 0.028 <0.250 --- 0.028 3.893 2.470 
 LB4 0.159 0.165 0.140 0.049 0.903 0.772 0.026 0.028 0.025 0.043 2.831 2.723 
              
Aug. 2001 LB2 0.010 <0.250 ---A 0.016 0.044 0.026 0.013 <0.250 --- 0.039 0.938 0.431 
 LB3 0.013 <0.250 --- 0.013 0.044 0.021 0.011 0.283 0.157 0.081 <1.000 --- 
 LB4 0.013 <0.250 --- 0.027 0.067 0.067 0.020 <0.250 --- 0.039 1.030 0.474 
              
June 2002 LB2 0.006 <0.250 --- 0.157 1.071 1.071 0.124 0.788 0.745 0.006 <1.000 --- 
 LB3  <0.250 ---  1.238 ---  0.920 ---  <1.000 --- 193  LB4 0.017 <0.250 --- 0.127 <0.250 --- N.D. <0.250 --- 0.029 1.431 1.377               
Mar. 2003 LB2 0.004 <0.250 --- N.D. <0.250 --- 0.013 <0.250 --- 0.101 1.401 1.079 
 LB3 0.006 <0.250 --- N.D. <0.250 --- 0.009 <0.250 --- 0.126 1.190 1.145 
 LB4 0.007 <0.250 --- N.D. <0.250 --- 0.142 <0.250 --- 0.119 1.296 1.176 
              
Sept. 2003 LB2 0.050 0.576 0.490 0.008 0.505 0.505 0.072 <0.250 --- 0.074 1.604 1.543 
 LB3 0.021 0.565 0.203 0.004 0.404 0.188 0.029 <0.250 --- 0.045 <1.000 --- 
 LB4 0.031 0.919 0.481 0.005 0.339 0.197 0.025 <0.250 --- 0.063 1.344 1.109 
              
Mar. 2004 LB2 0.030 <0.250 --- 0.019 <0.250 --- 0.025 <0.250 --- 0.073 <1.000 --- 
 LB3 0.034 <0.250 --- 0.023 <0.250 --- 0.027 0.266 0.255 0.096 <1.000 --- 
 LB4 0.023 <0.250 --- 0.008 <0.250 --- 0.014 0.266 0.128 0.067 <1.000 --- 
              
Mar. 2005 LB2 0.104 <0.250 --- N.D. <5.000 --- N.D. <0.250 --- 0.843 1.633 1.209 
 LB3 0.086 <0.250 --- N.D. <5.000 --- N.D. <0.250 --- 1.096 1.475 1.419 
 LB4 0.101 <0.250 --- N.D. <5.000 --- N.D. <0.250 --- 1.082 1.548 1.471 
A Cannot be calculated.
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 Copper Nickel Lead Zinc  
Table 6.4. Copper, nickel, lead, and zinc in stoneroller minnows (SR BB), total recoverable in water (TR Water), and calculated 
bioavailable fractions (BF) for stations in Little Bayou creek.  
  SR BB TR Water BF SR BB TR Water BF SR BB TR Water BF SR BB TR Water BF 
Date Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
Mar. 2001 LB2 1.499 1.503 1.443 1.068 9.461 9.433 0.276 <0.500 --- 30.642 15.647 15.428 
 LB3 0.028 2.031 0.037 0.028 10.813 0.287 0.028 <0.500 --- 0.028 8.553 0.008 
 LB4 0.881 1.841 1.039 1.042 9.370 9.111 0.165 <0.500 --- 21.856 8.868 6.237 
              
Aug. 2001 LB2 0.798 3.782 3.630 1.191 3.265 2.653 0.882 0.291 0.236 12.629 5.535 2.125 
 LB3 0.716 3.284 2.829 0.799 5.660 3.086 0.617 0.280 0.160 24.776 3.741 2.818 
 LB4 0.599 2.766 1.993 1.461 5.180 5.164 0.578 0.321 0.180 32.427 12.073 11.904 
              
Jun. 2002 LB2 0.935 1.350 1.296 0.017 2.821 0.789 0.005 1.503 1.198 24.755 1.375 1.356 
 LB3  1.329 ---A  6.886 ---  1.603 ---  0.991 --- 
 LB4 0.273 1.962 0.551 0.062 <3.000 --- N.D. <1.000 --- 16.306 2.949 1.915 
              
Mar. 2003 LB2 0.826 1.939 1.861 0.075 1.189 0.766 0.005 <1.000 --- 15.194 19.102 13.128 
 LB3 0.181 1.380 0.291 0.076 1.510 0.990 0.006 1.020 0.819 21.056 11.819 11.257 
 LB4 0.304 1.770 0.625 0.116 1.968 1.962 0.004 <1.000 --- 21.798 6.091 6.006 
              
Sept. 2003 LB2 0.875 <1.000 --- 0.186 <1.000 --- 0.092 <0.500 --- 16.622 10.278 10.134 
 LB3 0.421 <1.000 --- 0.034 <1.000 --- 0.032 <0.500 --- 10.518 5.680 3.544 
 LB4 0.221 <1.000 --- 0.062 <1.000 --- 0.043 <0.500 --- 13.159 2.784 2.173 
              
Mar. 2004 LB2 0.641 1.936 1.529 0.069 <1.000 --- 0.030 <0.500 --- 14.323 20.453 14.646 
 LB3 0.780 1.356 1.302 0.162 1.147 1.143 0.020 <0.500 --- 19.723 16.058 15.833 
 LB4 0.454 1.545 0.863 0.032 1.193 0.236 0.014 <0.500 --- 13.195 3.927 2.590 
              
Mar. 2005 LB2 13.389 8.680 8.333 0.560 2.457 2.449 0.219 2.269 1.885 14.288 34.357 33.876 
 LB3 6.541 7.040 3.302 0.438 2.740 2.134 N.D. 1.676 --- 10.711 24.218 17.901 
 LB4 5.314 5.220 1.989 0.406 1.709 1.234 N.D. <1.000 --- 12.266 6.174 5.225 
A Cannot be calculated.
 Table 6.5. Percentage of  bioavailable metal at individual stations in Big Bayou creek 
from 2000 through 2005. See Methods for calculation details. 
 Percent Bioavailable Ag      
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC --- 13.7 --- --- --- --- --- --- 
BB1A --- 7.8 --- --- --- 41.0 --- --- 
BB1 --- 16.7 --- --- --- 45.1 --- --- 
BB2 --- 21.1 --- --- --- 43.4 --- --- 
BB3 --- 9.3 --- --- --- --- --- --- 
BB4 --- 33.1 --- --- --- 49.5 --- --- 
BB5 --- 54.2 --- --- --- 72.8 --- --- 
BB6 69.1 54.9 --- 46.6 59.0 65.4 --- 71.5 
BB7 69.6 85.0 --- 40.5 39.3 45.5 --- 85.0 
BB8 58.7 24.9 --- 85.0 46.0 85.0 --- 74.0 
BB9 --- 16.6 --- 48.4 --- --- --- --- 
 
 Percent Bioavailable Be   
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC --- 57.6 94.3 --- --- 84.7 --- --- 
BB1A --- 49.9 100.0 --- --- 88.3 --- --- 
BB1 67.0 53.3 --- --- --- 36.8 --- --- 
BB2 --- 67.5 26.4 --- --- 35.5 --- --- 
BB3 --- 60.1 44.5 --- --- 58.3 --- --- 
BB4 77.8 88.3 37.7 87.4 --- 53.2 --- --- 
BB5 --- 62.7 71.1 --- --- 69.5 --- --- 
BB6 100.0 100.0 22.6 42.3 --- 77.6 9.6 --- 
BB7 75.5 65.3 38.5 86.7 --- 42.2 11.6 --- 
BB8 85.0 74.9 40.0 36.1 --- 100.0 16.7 --- 
BB9 --- 95.7 --- 26.9 --- --- --- --- 
 
 Percent Bioavailable Cd   
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC --- --- --- --- --- --- --- --- 
BB1A --- --- --- --- --- --- --- --- 
BB1 --- --- 7.2 --- --- --- --- --- 
BB2 --- --- --- --- --- --- --- --- 
BB3 --- --- --- --- --- --- --- --- 
BB4 --- --- 4.5 --- --- 26.9 --- --- 
BB5 --- --- --- --- --- --- --- --- 
BB6 92.3 42.7 --- --- --- 90.5 9.2 --- 
BB7 70.8 34.3 --- 1.6 --- 24.7 13.8 --- 
BB8 53.1 55.1 --- 58.0 --- 60.0 18.5 --- 
BB9 --- 47.5 --- 92.1 --- --- --- --- 
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 Table 6.5 continued. Percentage of bioavailable metal at individual stations in Big Bayou 
creek from 2000 to 2005. See Methods for calculation details. 
 Percent Bioavailable Cr   
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC --- 96.2 --- --- --- --- --- --- 
BB1A --- 48.0 --- --- --- --- --- 96.2 
BB1 31.5 32.0 --- --- --- --- --- --- 
BB2 --- 23.7 --- --- --- --- --- 79.9 
BB3 --- --- --- --- 93.0 --- --- 49.3 
BB4 --- --- --- --- 59.3 --- --- 56.8 
BB5 47.5 31.5 12.6 --- 96.2 --- --- 57.6 
BB6 15.6 18.2 11.6 --- 83.3 74.7 --- 67.5 
BB7 15.7 48.5 25.7 --- 60.3 40.7 --- 67.7 
BB8 10.8 --- 10.2 --- 88.0 94.9 --- 89.2 
BB9 --- --- --- --- --- --- --- --- 
 
 Percent Bioavailable Cu   
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC --- 24.6 10.8 --- --- --- --- 10.6 
BB1A 46.1 26.9 --- --- --- --- --- 12.8 
BB1 31.7 80.0 --- --- --- --- --- 18.5 
BB2 22.8 25.6 17.7 15.6 --- --- --- 21.7 
BB3 96.0 --- 20.4 14.3 10.5 --- 77.1 31.8 
BB4 95.7 59.8 96.0 57.0 96.0 --- 89.7 62.0 
BB5 80.7 94.7 18.9 70.7 88.8 --- 87.2 54.4 
BB6 40.8 70.6 88.4 77.3 79.7 --- 74.7 96.0 
BB7 49.1 63.2 53.0 47.6 89.2 --- 96.0 75.1 
BB8 24.9 96.0 31.7 96.0 72.9 --- 80.0 68.2 
BB9 --- 43.8 --- 51.0 --- --- --- --- 
 
 Percent Bioavailable Fe   
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC --- 69.8 64.2 7.5 60.8 --- 100.0 34.9 
BB1A --- 100.0 14.9 3.4 100.0 --- 58.5 90.4 
BB1 --- 26.2 28.3 6.2 72.0 33.4 44.1 41.4 
BB2 --- 54.6 42.3 5.8 50.1 --- 59.5 92.3 
BB3 --- 33.2 23.4 1.5 46.4 87.8 36.6 44.9 
BB4 --- 21.1 22.3 1.5 40.6 --- 54.9 57.7 
BB5 --- 64.4 28.3 5.1 62.5 100.0 59.1 80.2 
BB6 --- --- 49.9 2.5 60.1 --- 46.6 79.6 
BB7 --- --- 100.0 1.3 45.2 9.5 56.6 77.9 
BB8 --- 52.7 31.5 100.0 54.8 66.4 64.3 100.0 
BB9 --- 37.1 --- 1.6 --- --- --- --- 
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 Table 6.5, continued. Percentage of bioavailable metal at individual stations in Big Bayou 
creek from 2000 through 2005. See Methods for calculation details. 
 Percent Bioavailable Ni   
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC --- 67.9 --- --- --- 95.1 99.7 22.5 
BB1A --- 42.3 --- --- 99.7 --- 40.1 50.1 
BB1 --- 56.0 --- --- 58.0 --- 22.2 22.4 
BB2 --- 58.1 60.4 --- 74.2 --- --- 61.5 
BB3 --- 70.9 57.5 --- 32.5 --- 15.1 44.4 
BB4 --- 21.5 38.8 --- 36.2 57.3 23.0 96.4 
BB5 --- 24.6 86.3 --- 94.2 --- 15.0 42.5 
BB6 99.7 27.8 30.1 47.6 60.8 77.3 16.1 67.8 
BB7 54.2 22.7 41.3 35.8 72.9 29.5 21.5 99.7 
BB8 79.5 84.9 46.7 99.7 49.2 89.2 21.8 87.8 
BB9 --- 99.7 --- 65.1 --- --- --- --- 
 
 Percent Bioavailable Pb   
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC 47.0 --- 62.3 --- --- --- --- --- 
BB1A --- --- 67.8 --- --- --- --- --- 
BB1 --- --- 53.0 --- --- --- --- --- 
BB2 --- --- 87.8 --- --- --- --- --- 
BB3 66.0 --- 84.3 --- --- --- --- --- 
BB4 55.9 --- 87.5 --- --- 35.4 --- --- 
BB5 51.0 --- 53.5 --- --- --- --- --- 
BB6 71.8 --- 45.9 25.3 --- 59.4 --- --- 
BB7 70.2 25.6 48.5 12.8 --- 32.3 --- --- 
BB8 59.4 62.2 53.4 66.1 --- 60.3 --- --- 
BB9 --- 48.7 --- 40.5 --- --- --- --- 
 
 Percent Bioavailable Zn   
 Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 2000 2001 2001 2002 2003 2003 2004 2005 
MC 76.0 92.2 42.1 46.9 --- 88.2 98.6 51.5 
BB1A 71.6 81.0 --- 65.8 98.6 --- --- 85.7 
BB1 64.0 75.0 98.6 55.8 84.0 --- --- 52.3 
BB2 60.8 62.8 65.7 87.0 --- 75.4 --- 89.0 
BB3 85.8 82.5 44.8 81.3 72.6 96.6 51.3 57.4 
BB4 81.1 70.8 29.5 69.3 54.5 81.3 61.4 85.0 
BB5 98.6 83.0 16.7 61.9 84.7 98.6 48.1 76.0 
BB6 45.1 80.1 21.8 94.8 67.3 51.8 51.3 75.3 
BB7 51.8 66.3 27.0 65.2 64.7 49.2 51.8 95.3 
BB8 47.9 98.6 --- 98.6 65.7 86.3 --- 98.6 
BB9 --- 73.8 --- 68.6 --- --- --- --- 
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Table 6.6. Percentage of bioavailable metal at individual stations in Little Bayou creek 
from 2001 through 2005. See Methods for calculation details. 
 
 Percent Bioavailable Metal   
  Mar. Aug. June Mar. Sept. Mar. Mar. 
Metal Station 2001 2001 2002 2003 2003 2004 2005 
 
Ag LB2 26.5 --- --- --- 85.0 --- --- 
 LB3 15.2 --- --- --- 35.8 --- --- 
 LB4 85.0 --- --- --- 52.4 --- --- 
         
Be LB2 100.0 58.5 100.0 --- 100.0 --- --- 
 LB3 49.9 46.7 --- --- 46.5 --- --- 
 LB4 85.6 100.0 --- --- 58.2 --- --- 
         
Cd LB2 84.3 --- 94.6 --- --- --- --- 
 LB3 --- 55.5 --- --- --- 95.8 --- 
 LB4 88.6 --- --- --- --- 48.2 --- 
         
Cr LB2 76.2 45.9 --- 77.0 96.2 --- 74.0 
 LB3 63.4 --- --- 96.2 --- --- 96.2 
 LB4 96.2 46.0 96.2 90.8 82.5 --- 95.0 
         
Cu LB2 96.0 96.0 96.0 96.0 --- 79.0 96.0 
 LB3 1.8 86.1 --- 21.1 --- 96.0 46.9 
 LB4 56.4 72.1 28.1 35.3 --- 55.8 38.1 
         
Pb LB2 --- 81.0 79.7 --- --- --- 83.1 
 LB3 --- 57.1 --- 80.3 --- --- --- 
 LB4 --- 56.1 --- --- --- --- --- 
         
Ni LB2 99.7 81.3 28.0 64.4 --- --- 99.7 
 LB3 2.7 54.5 --- 65.5 --- 99.7 77.9 
 LB4 97.2 99.7 --- 99.7 --- 19.8 72.2 
         
Zn LB2 98.6 38.4 98.6 68.7 98.6 71.6 98.6 
 LB3 0.1 75.3 --- 95.2 62.4 98.6 73.9 
 LB4 70.3 98.6 64.9 98.6 78.1 66.0 84.6 
 
 
 Figure 6.1. Silver concentrations for stoneroller minnow body burden (µg/g wet), total recoverable water (µg/L), and bioavailable 
fractions (µg/L) collected from Massac and Big Bayou creeks. 
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 Figure 6.2. Beryllium concentrations for stoneroller minnow body burden (µg/g wet), total recoverable water (µg/L), and bioavailable 
fractions (µg/L) collected from Massac and Big Bayou creeks. 
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 Figure 6.3. Cadmium concentrations for stoneroller minnow body burden (µg/g wet), total recoverable water (µg/L), and bioavailable 
fractions (µg/L) collected from Massac and  Big Bayou creeks. 
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 Figure 6.4. Total chromium concentrations for stoneroller minnow body burden (µg/g wet), total recoverable water (µg/L), and 
bioavailable fractions (µg/L) collected from Massac and Big Bayou creeks. 
     
MC BB1A BB1 BB2 BB3 BB4 BB5 BB6 BB7 BB8 BB9
Sampling Station
0.00
0.05
0.10
0.15
0.20
0.25
0.30
C
hr
om
iu
m
 B
od
y 
B
ur
de
n 
(µ
g/
g)
0.00
0.50
1.00
1.50
2.00
2.50
3.00
 Body Burden
 Total Recoverable
 Bioavailable Fraction
March 2000
MC BB1A BB1 BB2 BB3 BB4 BB5 BB6 BB7 BB8 BB9
Sampling Station
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.00
0.50
1.00
1.50
2.00
2.50
3.00
 Body Burden
 Total Recoverable
 Bioavailable Fraction
March 2001
MC BB1A BB1 BB2 BB3 BB4 BB5 BB6 BB7 BB8 BB9
Sampling Station
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.00
0.50
1.00
1.50
2.00
2.50
3.00 W
ater &
 B
ioavailable C
onc. (µg/L)
 Body Burden
 Total Recoverable
 Bioavailable Fraction
August 2001
202
MC BB1A BB1 BB2 BB3 BB4 BB5 BB6 BB7 BB8 BB9
Sampling Station
0.00
0.05
0.10
0.15
0.20
0.25
0.30
C
hr
om
iu
m
 B
od
y 
B
ur
de
n 
(µ
g/
g)
0.00
0.50
1.00
1.50
2.00
2.50
3.00
 Body Burden
 Total Recoverable
 Bioavailable Fraction
March 2003
MC BB1A BB1 BB2 BB3 BB4 BB5 BB6 BB7 BB8 BB9
Sampling Station
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.00
0.50
1.00
1.50
2.00
2.50
3.00
 Body Burden
 Total Recoverable
 Bioavailable Fraction
September 2003
MC BB1A BB1 BB2 BB3 BB4 BB5 BB6 BB7 BB8 BB9
Sampling Station
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.00
0.50
1.00
1.50
2.00
2.50
3.00 W
ater &
 B
ioavailable C
onc. (µg/L)
 Body Burden
 Total Recoverable
 Bioavailable Fraction
March 2005
 
 Figure 6.5. Copper concentrations for stoneroller minnow body burden (µg/g wet), total recoverable water (µg/L), and bioavailable 
fractions (µg/L) collected from Massac and Big Bayou creeks. 
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 Figure 6.6. Nickel concentrations for stoneroller minnow body burden (µg/g wet), total recoverable water (µg/L), and bioavailable 
fractions (µg/L) collected from Massac and Big Bayou creeks. 
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 Figure 6.7. Lead concentrations for stoneroller minnow body burden (µg/g wet), total recoverable water (µg/L), and bioavailable 
fractions (µg/L) collected from Massac and Big Bayou creeks. 
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Figure 6.8. Zinc concentrations for stoneroller minnow body burden (µg/g wet), total recoverable water (µg/L), and bioavailable 
fractions (µg/L) collected from Massac and Big Bayou creeks. 
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Figure 6.9. Cumulative criterion units (CCUs) determined for 7 metals from stations in 
Massac and Big Bayou creeks.   
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Figure 6.9, continued. Cumulative criterion units (CCUs) determined for 7 metals from 
stations in Massac and Big Bayou creeks.   
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Figure 6.9, continued. Cumulative criterion units (CCUs) determined for 7 metals from 
stations in Massac and Big Bayou creeks.   
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Figure 6.10. Cumulative criterion units (CCUs) determined for 7 metals from stations in 
Little Bayou creek.   
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Figure 6.10, continued. Cumulative criterion units (CCUs) determined for 7 metals from 
stations in Little Bayou creek. 
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Figure 6.10, continued. Cumulative criterion units (CCUs) determined for 7 metals from 
stations in Little Bayou creek. 
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 Chapter 7: Summary, conclusions, and future directions 
7.1 Introduction 
 This study focused on two low- to moderately-impacted freshwater streams, Big 
and Little Bayou creeks, have been affected by contamination from both PCBs and 
metals originating from several point-source discharges (KPDES effluents) of the 
Paducah Gaseous Diffusion Plant (PGDP) in Paducah, KY. This long-term study 
encompassed data from 1988 through 2005. The main emphasis of this study was to 
utilize local fish populations as in-situ biological monitors of PCB and metal 
contamination. As with previous investigations (1-5,7,188), the use of fish biomonitors in 
the Bayou Creek system proved useful in determining location and severity of impacts 
within the streams. In addition to fish monitoring, abiotic components, such as water, 
sediments, and floodplain soils, were also monitored to obtain an overall long-term 
assessment of impacts to the streams. These assessments also were used to ascertain if 
effluents from the PGDP were the primary source of contamination and to evaluate the 
effects of remedial activities conducted at the PGDP on contaminant levels in the 
streams. 
 
7.2 Long-term Assessments 
 7.2.1 Polychlorinated Biphenyls (PCBs) 
 PCBs were seldom found in the water column from the Bayou Creek system, but 
were found in sediments, floodplain soils and biota, indicating that PCBs were rapidly 
mobilized from the water column and accumulated in biotic and sediment compartments. 
Using data by Robison (13) for the highly PCB contaminated Town Branch-Mud River 
system in which water PCBs decreased from 2.42 µg/L to 0.50 µg/L within 3.4 river 
miles of the PCB source, the PCB residence time in water was calculated to be 
approximately 10 minutes. Erickson (11) indicated that modeling based on water 
solubility may be inappropriate since PCBs do not exist at appreciable concentrations in 
water due to their high octanol-water partition coefficient (Kow). 
 In general, low concentrations of PCBs were found in stream sediments, and the 
levels did not vary significantly with time. Aroclor 1248 in sediments and floodplain soils 
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 was not as prevalent as Aroclors 1254 and 1260. With increased concentrations found in 
Little Bayou creek, all three Aroclors tended to be more predominant as compared to Big 
Bayou creek. PCB concentrations in floodplain soils from Big Bayou creek were roughly 
2-3 times higher than concentrations found in sediments, whereas in Little Bayou creek 
the concentrations were approximately 10 times higher than those for sediments. These 
floodplain soils were acting as reservoirs for the higher chlorinated mixtures, which have 
the potential of being mobilized during high rains and high-flow events and reintroducing 
PCBs back into the streams. 
 Highest PCB concentrations were found during 1988 and 1989 in green and 
longear sunfish, however, Aroclors 1248 and 1254 concentrations in all sunfish species 
decreased following remediation procedures conducted by the plant in 1991. From 1991 
through 2005, the average Aroclor concentration in sunfish remained between 0.10 to 
0.60 µg/g, which appeared to be a “baseline” concentration. This baseline is further 
discussed in Section 7.3. The effects of the 1991 remediation could not be determined for 
the stoneroller minnows since sampling was conducted from 2001 through 2005. During 
this period of time the stoneroller minnow PCB body burdens remained relatively stable, 
with concentrations ranging from 0.20 to 0.60 µg/g in Big Bayou creek and from 0.92 to 
2.00 µg/g in Little Bayou creek.  
 
 7.2.2 Metals of Concern 
 Our conclusions are based on a 9 year study of the concentrations of 9 metals 
from both abiotic and biotic compartments. Metals were analyzed in water and sediments 
collected during 10 sampling trips in the period of 1997-2005. Floodplain soils were 
collected during 6 sampling trips from 2002 to 2005. Stoneroller minnows were collected 
in 9 trips from 1997 to 2005. Nine metals of environmental concern were investigated in 
the Bayou Creek system (see Section 2.4.2). The continued presence of silver (Ag), 
cadmium (Cd), and total chromium (Cr) in stream water and stoneroller minnows 
indicated that these metals were chronic pollutants in both streams and continuous 
monitoring is recommended. The main source of Ag into Big Bayou creek appeared to be 
KPDES effluent 001. Effluent 010+011 was an intermittent source of Cr into Little 
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 Bayou creek, however, stoneroller minnow Cr body burden decreased over time, except 
for the most recent collection in which the levels were elevated. 
Concentrations of Be in water, sediments, and stoneroller minnows from Big 
Bayou creek decreased with time, which indicated less influx of Be from the PGDP. 
Based on the levels detected, it appeared that effluent 001 was the main source of Be into 
Big Bayou creek. Although present at times in Little Bayou creek, sediment and 
floodplain Be levels were similar to levels at the reference sites and the concentrations 
have remained constant since 2003. 
Copper (Cu) was a chronic contaminant in Big Bayou creek, with water Cu levels 
remaining somewhat constant throughout the study period. Effluents 001 and 008 were 
significant sources of Cu into Big Bayou creek, with concentrations exceeding the U.S. 
EPA water quality criteria value of 13.0 µg/L (30) on several occasions. In addition, Cu 
concentrations in floodplain soils were higher than levels found in stream sediments 
indicating that these floodplain soils were potential reservoirs of Cu in both streams. 
Although stoneroller minnow Cu body burden began to decrease in 2003, the levels in 
2005 were similar to those from 1997, thus indicating that Cu was still bioavailable to the 
stoneroller minnow. Constant monitoring of Cu levels in both streams is recommended.  
Concentrations of Ni in water from both streams remained constant during the 
study period. Sediment Ni concentrations peaked in September 1999, then decreased and 
remained constant between August 2001 and March 2005. Levels of Ni in floodplain 
soils were constant and statistically similar over time. It appeared that Ni contamination 
has decreased since 1999, but a baseline concentration still persists.  
As with Cu, zinc (Zn) was chronic contaminant in the Bayou Creek system. 
Levels of Zn in the water were constant during the study period, while sediment and 
floodplain soil Zn may be increasing with time. Based on levels detected, effluent 008 
appeared to be the main contributor of Zn into Big Bayou creek. Although stoneroller 
minnow Zn body burden decreased somewhat with time, mean body burden 
concentration ranges remained between 13.63 to 35.57 µg/g for Big Bayou creek fish and 
14.72 to 27.19 µg/g for Little Bayou creek fish. The majority of Zn in Little Bayou creek 
possibly originated from runoff of the PGDP switchyard where cylinder storage and 
painting were conducted. This source of Zn may have affected the upstream reference 
 215
 station LB1. However, further studies of the area surrounding the switchyard are needed 
to identify the source. Construction of a new cylinder processing area at the PGDP is 
currently underway, which may remediate the Zn runoff problem.  
Lead (Pb) concentrations in water, sediments, and floodplain soils increased over 
time (1997-2005) in Big Bayou creek. However, the continuously-flowing effluents 
tested did not appear to be contributing Pb into the stream and the source of Pb has yet to 
be determined. Stoneroller minnow body burden trends decreased with time and did not 
follow the increasing concentration trends observed for water, sediments, or floodplain 
soils. In Little Bayou creek, detection of Pb in stream water was sporadic, however, 
sediment and floodplain soil Pb levels increased with time. Effluent 010+011 did not 
appear to be a major contributor of Pb into Little Bayou creek, and as in Big Bayou creek 
the source of Pb is yet to be determined. 
In general, iron (Fe) was not a major contaminant in either stream, with the 
majority of Fe originating from sources other than the PGDP. In Big Bayou creek, 
stoneroller minnow Fe body burdens strongly correlated with Fe concentrations in water, 
sediments, and floodplain soils, indicating that Fe was highly bioavailable to the 
stoneroller minnow. A similar relationship was observed for Cu (see Section 7.6.1). 
Our results indicate that Fe was not a pollutant of concern, Be was problematic 
but the levels have improved over time, whereas Ag, Cd, Cr, Cu, Pb, Ni, and Zn are still 
of concern and require continued monitoring.  
 
7.3 Fish PCB Uptake 
 One component of this study focused on species-specific patterns of PCBs in 
sport fish (sunfish, largemouth bass, and yellow bullhead) and forage fish (stoneroller 
minnows). Stoneroller minnows had higher PCB concentrations and increased frequency 
of detection as compared to the sport fish. These herbivorous benthic feeders have a 
limited home range, contain higher lipids than other freshwater fish, and are in contact 
with and ingest sediments, resulting in dietary, dermal, and respiratory uptake of PCBs. 
Consistent with previous investigations (102,103,143), the higher chlorinated Aroclor 
1254 and 1260 tended to persist in fish tested. However, no meaningful comparisons 
between the fish species could be made with the largemouth bass and the yellow bullhead 
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 due to their young age, resulting in less exposure and bioaccumulation time. The majority 
of the largemouth bass collected ranged in age from <1 to 2+ years old, while yellow 
bullheads collected were small in size, with average lengths (mean ± SEM, mm) of 152 ± 
6 and 160 ± 9 for Big and Little Bayou creeks, respectively. Results from fish collections 
indicated that the stream habitat may not be conducive for maintaining an older 
population of these species and migration into the Ohio River may be occurring. Both 
largemouth bass and yellow bullheads are sought after sport and food fish and any 
impacts to these species would be significant to the anglers. It is recommended that PCB 
monitoring be continued with attempts to obtain older individuals if possible. Another 
possibility is to tag fish from Big and Little Bayou creeks, then sample the Ohio River to 
trace the tagged fish. 
 In comparing age with PCB concentrations, the hypothesis was that as fish 
became older PCB body burden concentrations would increase. However, no statistically 
significant relationship between age and PCB concentrations were obtained for any of the 
sunfish tested. These results indicated that sunfish may be able to effectively regulate 
PCBs regardless of their age. In addition, PCB concentrations were compared with fish 
lipid content, with the hypothesis that PCB body burden would increase with increasing 
lipid content. However, results from Big Bayou creek demonstrated that, at lower levels 
of PCB contamination (<0.50 µg/g), PCB body burden for the green sunfish did not 
correlate with lipid content. With higher PCB levels found in Little Bayou creek, the 
correlations were somewhat more evident, but still not statistically significant. It appears 
that a PCB threshold (≥1.00 µg/g) must be exceeded before the correlations become 
significant. Therefore, the use of the octanol-water partition coefficient (Kow) in risk 
assessment for low-level PCB exposure would appear to have limited value. These results 
were in agreement with previous investigations (119,145).  
It appears that sunfish, particularly the green sunfish, have a unique system for 
regulating PCB body burdens. A certain PCB concentration must be exceeded before the 
activation of metabolic pathways and eventual elimination/excretion of PCBs, however, 
below this threshold level a PCB “baseline” concentration tends to persist over time. The 
sunfish possibly have an enhanced P450 system which metabolizes PCBs rapidly or due 
to their low lipid content can effectively shunt PCBs from lipid stores into metabolic 
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 detoxifying pathways. Additional studies to determine if sunfish have an enhanced P450 
system are needed. The results of this field study are consistent with results by Sanborn et 
al. (102,103) and by Nimi and Oliver (15). 
 As indicated above, due to their high lipid content and close proximity to 
contaminated sediments, stoneroller minnow had higher levels of Aroclor 1248 as 
compared to sport fish. The detection of Aroclor 1248 in both stoneroller minnows and 
green sunfish would indicate that the contamination was recent, whereas lack of detection 
of Aroclor 1248 in green sunfish would indicate that PCB contamination occurred in the 
past and the green sunfish had time to metabolize and/or eliminate the PCBs. Therefore, 
the green sunfish is a better “real-time” indicator of PCB exposure, whereas the 
stoneroller minnow is a better indicator of historical contamination. The combined use of 
both species as biomonitors can be used by risk assessors to determine the occurrence of 
PCB contamination. 
 
7.4 Seasonal Variability of PCBs and Metal Concentrations 
 Our hypothesis was that stream flows were different in the spring and summer 
and the different flows mobilized PCBs differently, therefore resulting in fish PCB body 
burdens that vary by season. Sampling events were conducted in the spring and late-
summer to correspond to high- and low-flow conditions. Stream flows were obtained 
from USGS gaging stations located in Massac creek, Big Bayou creek, and Little Bayou 
creek. Both streams demonstrated distinct high- and low-flow periods. Aroclor 1248 
levels tended to be higher for sediments collected in the spring, whereas sediment 
Aroclor 1254 and 1260 levels were not as influenced by seasonal variations. High 
number of detections of PCBs in floodplain soils indicated that they were receiving 
recently contaminated sediment particles following high-flow events and potentially 
becoming PCB sources into the stream during subsequent high-flow events. 
Concentrations of the nine metals of environmental concern did not display the seasonal 
variability evident in the PCB data. 
 Comparisons between tissue concentrations and seasons revealed species-specific 
trends, however, stream flow did not correlate with PCB body burden (see Section 4.4). 
Total lipids in sunfish were expected to be lower in the spring following winter depletion 
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 of lipids, however the results demonstrated that lipid content in sunfish was significantly 
higher in the spring compared to summer values. This rapid lipid depletion and 
accumulation in sunfish may be a response to spring breeding and could play a role in the 
mobilization of PCBs. In contrast, lipid concentrations in stoneroller minnows did not 
vary significantly between seasons. Based on differences in lipid content, it appeared that 
sunfish were able to turnover lipids more rapidly than stoneroller minnows, accounting in 
part for their lower PCB body burdens. Aroclor 1248 and 1254 concentrations in 
stoneroller minnows were significantly higher in the summer as compared to spring 
values, but no differences were observed for Aroclor 1260. In addition, dietary uptake of 
PCBs by stoneroller minnows appeared to be affected by seasonal variations, since PCB 
levels in their viscera tended to be higher during the summer than those found in the 
spring.  
I propose that higher summer PCB body burdens observed in stoneroller minnows 
may have been a result of contaminated sediments being remobilized during in the spring, 
possibly due to high-flow events, followed by possible lipid storage of PCBs and slower 
lipid turnover, resulting in higher tissue concentrations later in the year. Larsson (117) 
and Zaranko et al. (16) noted higher PCBs in fish during the summer. Results for sunfish 
were the converse of those found for the stoneroller minnow. Sunfish will readily uptake 
PCBs during the spring, but due to their metabolism or rapid lipid turnover, PCBs are 
reduced or eliminated by summer. 
The hypothesis was partially correct since stream flows differed by season, and 
PCB levels in fish differed by season. Results from this field study demonstrate that 
seasonal variability can alter PCB bioavailability and/or elimination rates. Considerations 
must be taken during risk assessments as to when the sampling is conducted since 
seasonal variations can alter PCB exposure.  
 
7.5 PCB Congener Distributions 
 Aroclor chromatographic data were also used to determine congener distributions 
in sediments, floodplain soils, and fish from the Bayou Creek system. Samples with 
predominant Aroclor 1248 and 1254 tended to have higher concentrations of the lower 
chlorinated congeners. Similar findings were presented by Lin et al. (167), whose 
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 microcosm soils tended to retain tri- through hexa-chlorinated biphenyls. Bluegills in the 
effluent receiving zone (ERZ) of the Bayou Creek system had increased levels of tri- and 
tetra-chlorinated biphenyls. Green and longear sunfish had similar concentrations of 
Aroclor 1248 and 1254 corresponding to increased tri-, tetra-, hexa-, and hepta-
chlorinated biphenyls. Similar congener distributions were observed by Zhou and Wong 
(169) in field collected tilapia. Lin et al. (167) and Moon et al. (170) found that the main 
congeners in carp muscle were tri-, penta-, and hexa-chlorinated biphenyls. Uptake of 
specific congeners by stoneroller minnows was similar despite differences in Aroclor 
concentrations for Big and Little Bayou creeks. Stoneroller minnows had increased levels 
of tri- through hexa-chlorinated biphenyls, corresponding to Aroclor 1248 concentrations 
previously found. 
 As observed with Aroclor data (see Section 7.4), seasonal variations were found 
for PCB congeners. Sport fish collected in the summer contained more of the lower 
chlorinated biphenyls, whereas in the spring the higher chlorinated biphenyls were 
dominant. Significant differences in congener concentrations between spring and summer 
were also obtained for stoneroller minnows, with highest levels during the summer. As 
indicated in Section 7.3, stoneroller minnows were exposed to PCBs in the spring, but 
total PCB uptake may have been higher and elimination may have been slower as 
compared to sunfish, thereby producing higher summer body burdens. 
 Although time consuming, the determination of congeners from Aroclor data 
proved to be useful for determining and comparing trends, and in ascertaining 
predominant chlorobiphenyls. Significant additional information on PCB contamination 
was obtained from these moderately impacted stream systems. Further research is needed 
to further differentiate co-eluting congeners found in Aroclor chromatograms, this would 
improve comparisons between sample matrices 
 
7.6 Metal Impacts 
 7.6.1 Bioavailable Metal Fractions 
 In the United States, regulation of metals introduced into aquatic systems has 
been set in terms of total recoverable metals by the U.S. EPA, however, as of 1993 the 
EPA recommended the use of dissolved metals (10,174). Current EPA recommendations 
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 indicate that individual states utilize risk management decisions which take sediment, 
food web interactions, and other fate-related issues into consideration as to whether to use 
total recoverable metals or dissolved metals (60). However, use of dissolved metals has 
several drawbacks and is under contention. Recently more emphasis has been placed on 
the bioavailable metal fraction. This bioavailable fraction is defined as a fraction of the 
total metal in the water column that is available or can become available for uptake by 
aquatic organisms from all routes of exposure (8). As indicated by Meyer (10), total 
recoverable metals are influenced by factors such as pH, alkalinity, hardness, dissolved 
organic matter, suspended solids, and the formation of complexes which reduce the 
biologically available concentration. 
Our hypothesis was that although metals were present in the water column, not all 
of the metals were available to aquatic organisms. Therefore, risk assessment based 
solely on total recoverable metals would overestimate environmental impacts. Stoneroller 
minnow metal body burden and water criterion values were used in the development of 
multipliers to convert total recoverable water metal concentrations into bioavailable 
concentrations (see Chapter 6). In Big Bayou creek most of the Be and Cd were non-
bioavailable to the stoneroller minnow. For stations in the ERZ of Big Bayou creek, less 
than half of the water column metal for Cr, Fe, and Pb was bioavailable. In contrast, 59 % 
of Ag, 73 % of Cu, 50 % of Ni, and 64 % of Zn was bioavailable. Stoneroller minnow Cu 
body burden strongly correlated with water column Cu, but correlated poorly with 
sediment Cu, which indicated that most of the Cu uptake was from the water column. In 
stoneroller minnows from Little Bayou creek, limited contamination was observed for 
Ag, Be, and Cd. However, a majority of Cr, Be, and Zn were bioavailable to the 
stoneroller minnow. Concentrations of Ni in water and stoneroller minnows from Little 
Bayou creek increased over time and need to be closely monitored. The results proved 
that the above hypothesis was correct in that only a fraction of the total metals were 
bioavailable to aquatic organisms. Calculations of bioavailable fractions based on 
stoneroller minnow body burdens were useful in determining the severity of the metal 
impacts to Big and Little Bayou creeks. 
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  7.6.2 Effects of Seasonal Variations on Bioavailable Metal Fractions 
When comparing spring versus summer, the bioavailable fractions of Ag, Be, and 
Cr were highest during the summer, whereas Pb and Zn were highest in the spring. 
However, these differences were not statistically significant. Results by Robson et al. 
(182) demonstrated that during storm events the levels of metals in stream water rapidly 
increased, peaked, and then decreased to background concentrations within roughly 2 
hours following the storm event. Similar circumstances appear to be occurring in the 
Bayou Creek system, which may account for the lack of differences between seasons. 
However, sampling needs to be conducted before and immediately after storm events to 
test this theory. 
 
 7.6.3 Additive Metal Interactions 
 As additional assessments of metal effects on the Bayou Creek system, 
cumulative criterion values (CCUs) were calculated to determine additive metal 
interactions. This novel approach utilized total recoverable metal concentrations and 
freshwater chronic criterion values to determine a score used to predict ecological 
impacts due to the additive effects of metals. Metal interactions affecting CCU scores is 
an emerging field and few studies dealing with CCU scores have been published.  
As expected, sampling stations downstream of the main effluents demonstrated 
high CCU scores, indicating possible ecological impacts due to metals. CCU scores for 
Big Bayou creek indicated that most of the impact was due to Cu and, to a lesser degree, 
due to Cd. These results are in contrast to results obtained for bioavailable Cd (see 
Chapter 6 and Section 7.6), since most of the Cd was non-bioavailable to the stoneroller 
minnow. However, Cd could pose more of a threat to the more sensitive 
macroinvertebrate species and further study is required. Future studies should investigate 
modifying the CCU formula by replacing total recoverable metals with percent 
bioavailable fractions to better represent possible impacts to fish. However, this formula 
alteration would also change the CCU cutoff score of ≥1.00 that represents possible 
ecological impact. Evaluation of the use of bioavailable fractions in the CCU formula and 
ecological impacts is needed. Even though macroinvertebrate metrics were not 
determined during this study, the CCU data still provided useful information regarding 
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 possible deleterious ecological effects to the Bayou Creek system. Strong correlations 
between macroinvertebrate richness and CCU scores has been previously presented by 
Birge et al. (39,78) and Hirst et al. (81). 
 
7.7 General Conclusions and Future Directions 
 The use of in-situ sentinel fish populations along with analysis of abiotic 
components proved successful in determining the location and magnitude of 
contamination of PCBs and metals in the Bayou Creek system. These sentinel monitors 
allowed for the long-term study of PCB and metal behaviors in moderately impacted 
streams under real-world conditions. In addition, more insight was obtained into the 
unique ability of the sunfish to regulate PCBs. Further studies are needed to determine 
sunfish PCB depuration rates and to pinpoint the threshold level required for the 
activation of metabolic pathways that eliminate PCBs. The findings of this study also 
support the concerns that Kow determinations are not predictive of PCB residues in fish 
from low- to moderately-impacted streams. 
Results from this field study demonstrate that seasonal variability is an important 
factor in risk assessment and may influence PCB bioavailability to fish. Therefore, 
consideration must be taken during risk assessments regarding stream hydrological 
conditions during sampling. Metal concentrations were not as affected by seasonal 
variations. It may be that, for the Bayou Creek system, metal concentrations peak 
immediately after a high-flow event and rapidly decrease to background levels. 
Additional sampling before and after high-flow events are needed to test this theory. In 
agreement with previous investigators, this study found that floodplain soils were 
important reservoirs of PCBs and metals, resulting in long-term non-point sources of 
contaminants into freshwater streams. This indicates that more emphasis be placed on 
contaminants in floodplain areas. In agreement with results presented by Birge et al. (39) 
and Price and Birge (130), the use of the stoneroller minnows as in-situ sentinel monitors 
proved to be a valuable concept and allowed the study of metal behavior in stream 
systems under real-world conditions. 
 Analyses of metals in chronically impacted streams can become quite complex, 
however, the calculation of bioavailable fractions allowed for a better understanding of 
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 metal interactions under real-world conditions. Overestimation of impacts can result if 
total recoverable metals are used for risk assessments. Several developing risk assessment 
models, such as the Windermere humic aqueous model (WHAM) and the biotic ligand 
model (BLM) (183-187) are used to predict bioavailable metals but are limited by their 
focus of a single route of exposure, namely respiratory exposure. These models do not 
take into account other important routes, such as dietary exposure. Other models assume 
that equilibrium has been achieved under field conditions to predict chemical uptake by 
aquatic organisms, however, this assumption is rarely met in freshwater streams. 
Integration of bioavailable fractions into risk assessment models has to be implemented 
to provide a more realistic approach. Further comparisons between real-world data and 
risk assessment models are required to obtain accurate and realistic predictions. 
 
Copyright © David John Price 2007 
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APPENDIX A 
 Table A-1. Mean Aroclor 1248 concentrations (µg/Kg wet weight) in sediments and floodplain soils from Big and Little Bayou creeks 
collected February 2001 through March 2005. Samples designated N.D. represents non detections. 
 
 
 Sediment Aroclor 1248 Conc. (µg/Kg) Floodplain soil Aroclor 1248 Conc. (µg/Kg) 
 
 Feb. Aug. June Mar.  Sept. Mar. Mar. June Mar. Sept. Mar. Mar.  
Station 2001 2001 2002 2003 2003 2004 2005 2002 2003 2003 2004 2005 
 
MC 7.50 N.D. N.D. N.D. N.D. N.D. N.D. N.D. --- N.D. N.D. N.D. 
BB1A 2.93 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB2 4.43 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB3 6.72 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 6.18 N.D. N.D. 226 BB4 5.22 N.D. N.D. 5.49 N.D. 4.16 N.D. N.D. N.D. N.D. N.D. N.D. 
BB5 8.85 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB6 8.97 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB7 6.91 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB8 6.12 N.D. N.D. 7.04 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB9 4.69 N.D. N.D. N.D. N.D. N.D. 4.70 18.50 N.D. N.D. N.D. N.D. 
 
LB2 44.79 76.38 N.D. 41.21 N.D. 96.78 105.97 N.D. 125.85 335.25 N.D. 216.57 
LB3 49.09 81.54 N.D. 94.95 N.D. 20.20 149.18 N.D. 41.99 N.D. 73.85 112.29 
LB4 20.60 N.D. N.D. 9.12 N.D. 12.85 40.88 62.72 N.D. N.D. N.D. 26.27 
 
 
 Table A-2. Mean Aroclor 1254 concentrations (µg/Kg wet weight) in sediments and floodplain soils from Big and Little Bayou creeks 
collected February 2001 through March 2005. Samples designated N.D. represents non detections. 
 
 
 Sediment Aroclor 1254 Conc. (µg/Kg) Floodplain soil Aroclor 1254 Conc. (µg/Kg) 
 
 Feb. Aug. June Mar.  Sept. Mar. Mar. June Mar. Sept. Mar. Mar.  
Station 2001 2001 2002 2003 2003 2004 2005 2002 2003 2003 2004 2005 
 
MC N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. --- N.D. N.D. N.D. 
BB1A N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 2.44 5.01 11.53 14.71 
BB2 N.D. N.D. 0.58 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB3 2.99 N.D. N.D. N.D. N.D. 4.54 N.D. 4.70 N.D. N.D. N.D. N.D. 227 BB4 2.06 N.D. 0.25 2.55 N.D. N.D. 2.11 17.16 14.76 4.38 7.11 N.D. 
BB5 3.95 N.D. 0.85 7.92 N.D. N.D. 2.50 5.45 12.59 N.D. N.D. 21.99 
BB6 6.35 N.D. 3.20 N.D. N.D. 4.93 7.81 23.28 7.43 88.86 15.62 14.50 
BB7 2.93 2.20 6.76 6.13 8.22 4.53 4.04 5.17 8.50 5.31 N.D. 10.39 
BB8 3.25 2.98 0.94 N.D. N.D. N.D. 1.87 12.32 8.29 7.98 28.67 9.46 
BB9 N.D. N.D. 1.91 N.D. N.D. N.D. 4.15 14.86 8.19 7.53 6.33 13.06 
 
LB2 2.05 101.19 2.96 17.34 30.69 N.D. N.D. 127.19 93.86 193.76 58.91 187.52 
LB3 N.D. 88.36 2.91 43.08 7.96 8.88 N.D. 123.45 33.70 50.53 N.D. 26.16 
LB4 N.D. 6.86 2.23 4.53 N.D. 4.51 14.20 40.99 21.36 28.26 15.49 14.04 
 
 Table A-3. Mean Aroclor 1260 concentrations (µg/Kg wet weight) in sediments and floodplain soils from Big and Little Bayou creeks 
collected February 2001 through March 2005. Samples designated N.D. represents non detections. 
 
 
 Sediment Aroclor 1260 Conc. (µg/Kg) Floodplain soil Aroclor 1260 Conc. (µg/Kg) 
 
 Feb. Aug. June Mar.  Sept. Mar. Mar. June Mar. Sept. Mar. Mar.  
Station 2001 2001 2002 2003 2003 2004 2005 2002 2003 2003 2004 2005 
 
MC N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. --- N.D. N.D. N.D. 
BB1A N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 5.44 5.12 10.83 9.47 
BB2 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 4.23 N.D. N.D. N.D. 
BB3 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 2.18 2.10 N.D. 8.70 14.78 
228
BB4 4.18 N.D. 0.88 1.85 N.D. N.D. 3.01 11.14 10.48 6.39 5.09 15.44 
BB5 7.23 N.D. 1.13 23.23 N.D. N.D. 3.30 3.26 8.22 4.75 5.10 5.16 
BB6 11.35 N.D. 5.54 2.18 N.D. N.D. 4.76 40.16 4.44 28.00 6.31 4.20 
BB7 5.11 1.15 1.13 1.65 8.82 N.D. 4.48 2.54 7.69 7.58 4.71 7.17 
BB8 8.74 15.70 4.06 2.99 N.D. N.D. 2.34 11.49 18.07 10.62 10.47 14.21 
BB9 N.D. N.D. 3.15 N.D. N.D. 4.92 3.10 9.37 6.18 7.45 7.46 6.57 
 
LB2 8.60 N.D. 4.19 17.52 32.80 13.95 38.94 127.05 63.15 612.96 78.70 141.87 
LB3 9.30 40.16 2.34 27.97 9.29 7.31 28.05 108.06 25.81 50.01 25.70 38.51 
LB4 8.73 3.22 1.69 4.70 N.D. 5.74 10.11 43.03 21.24 28.26 9.82 25.00 
 
 
 Table A-4. Silver concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 
1997-2005. Blank values indicate samples were not collected. 
 
 Silver Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <0.250 <0.250 <0.250 0.178 0.049 <0.250 <0.250 <0.250 <0.250 <0.250  <0.250 
BB1A  <0.250 <0.250 <0.250 0.136 0.045 <0.250 <0.250 <0.250 0.527 <0.250 0.553 <0.250 
BB1 <0.250 <0.250 <0.250 <0.250 0.102 0.024 <0.250 <0.250 <0.250 0.419 <0.250 <0.250 <0.250 
BB2A  <0.250 <0.250  0.055 0.090  <0.250  0.333 <0.250 0.436 <0.250 
BB2  <0.250 <0.250 <0.250 0.036 0.052 <0.250 <0.250 <0.250 0.366 <0.250 <0.250 <0.250 
BB3 <0.250 <0.250 <0.250 <0.250 0.109 0.115 <0.250 <0.250 <0.250 <0.250 <0.250 0.649 <0.250 229 008          1.627 <0.250 1.064 0.460 
BB4 <0.250 0.420 0.390 <0.250 0.145 0.110 <0.250 <0.250 <0.250 1.387 <0.250 0.759 <0.250 
006        <0.250 <0.250 <0.250 <0.250 0.660 0.667 
BB5 <0.250 0.380 <0.250 <0.250 0.200 0.085 <0.250 <0.250 <0.250 0.739 <0.250 0.681 <0.250 
001          3.735 <0.250 2.651 6.093 
BB6 1.263 0.350 0.310 1.155 0.164 0.566 <0.250 1.280 0.255 2.314 <0.250 1.588 0.417 
BB7 1.257 0.350 0.290 0.880 0.200 0.618 <0.250 1.171 0.236 2.164 <0.250 2.142 0.333 
BB8 1.106 0.340 0.285 0.789 0.161 0.443 <0.250 0.951 0.250 1.830 <0.250 1.969 1.552 
BB9 1.495 <0.250 0.330 0.556 0.161 0.250 <0.250 0.402 0.184 2.400 <0.250 1.745 0.644 
 
LB1 <0.250   <0.250 0.191 0.090 <0.250 <0.250 <0.250 <0.250 <0.250  <0.250 
LB2A <0.250 0.280 <0.250 <0.250 0.273 0.130  <0.250 <0.250 0.304 <0.250 0.351 <0.250 
010+011        <0.250 <0.250 0.799 <0.250 1.061 0.977 
LB2 <0.250 0.530 0.395 <0.250 0.250 0.140 <0.250 <0.250 <0.250 0.576 <0.250 1.085 <0.250 
LB3 <0.250 0.470 0.295 <0.250 0.205 0.165 <0.250 <0.250 <0.250 0.565 <0.250 1.138 <0.250 
LB4 <0.250 0.280 0.250 <0.250 0.118 0.105 <0.250 <0.250 <0.250 0.919 <0.250 0.947 <0.250 
 
 Table A-5. Beryllium concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 
1997-2005. Blank values indicate samples were not collected. 
 
 Beryllium Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <0.100 <0.250 <0.250 0.277 0.761 0.023 <0.250 <0.250 0.327 <0.250  <5.000 
BB1A  0.100 0.335 <0.250 0.766 0.761 0.045 <0.250 <0.250 0.490 <0.250 <5.000 <5.000 
BB1 <1.000 <0.100 0.350 0.199 0.787 0.712 0.034 <0.250 <0.250 0.459 <0.250 <5.000 <5.000 
BB2A  <0.100 0.500  0.453 0.652  <0.250  0.255 <0.250 <5.000 <5.000 
BB2  0.120 0.360 <0.250 0.283 0.531 0.044 <0.250 <0.250 0.449 <0.250 <5.000 <5.000 
BB3 <1.000 <0.100 0.835 0.369 0.538 0.601 0.033 <0.250 <0.250 0.265 <0.250 <5.000 <5.000 230 008          1.732 0.390 <5.000 <5.000 
BB4 <1.000 0.400 0.680 0.303 0.547 0.525 0.056 0.307 <0.250 2.171 <0.250 <5.000 <5.000 
006        0.453 <0.250 0.284 0.306 <5.000 <5.000 
BB5 <1.000 0.350 0.300 <0.250 0.368 0.638 0.067 <0.250 <0.250 0.431 <0.250 <5.000 <5.000 
001          9.098 3.952 <5.000 <5.000 
BB6 1.050 0.340 0.410 0.769 0.500 1.730 0.100 2.397 0.462 1.951 0.707 <5.000 <5.000 
BB7 1.110 0.340 0.350 0.644 0.509 1.904 0.102 2.348 0.484 2.195 0.763 <5.000 <5.000 
BB8 1.085 0.390 0.435 0.619 0.553 1.528 0.080 1.906 0.532 3.329 0.653 <5.000 <5.000 
BB9 1.105 0.200 0.370 0.478 0.383 1.016 0.057 1.277 0.416 3.366 0.564 <5.000 <5.000 
 
LB1 <1.000   0.435 0.585 0.711 0.133 <0.250 <0.250 0.404 <0.250  <5.000 
LB2A <1.000 0.340 0.515 0.336 0.336 0.699  1.650 <0.250 0.266 0.313 <5.000 <5.000 
010+011        1.290 <0.250 0.486 0.368 <5.000 <5.000 
LB2 <1.000 0.550 0.745 0.289 <0.250 0.528 0.044 1.071 <0.250 0.505 <0.250 <5.000 <5.000 
LB3 <1.000 0.430 0.745 0.329 <0.250 0.657 0.044 1.238 <0.250 0.404 <0.250 <5.000 <5.000 
LB4 <1.000 0.210 0.690 0.484 0.255 0.903 0.067 <0.250 <0.250 0.339 <0.250 <5.000 <5.000 
 
 Table A-6. Cadmium concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 
1997-2005. Blank values indicate samples were not collected. 
 
 Cadmium Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250  <0.250 
BB1A  <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 1.714 <0.250 
BB1 <0.250 0.450 <0.250 <0.250 <0.250 <0.250 0.357 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 
BB2A  <0.250 <0.250  <0.250 <0.250  <0.250  <0.250 0.264 0.735 <0.250 
BB2  <0.250 0.265 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 0.612 <0.250 
BB3 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 3.429 <0.250 231 008          0.416 <0.250 0.379 <0.250 
BB4 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 0.724 <0.250 <0.250 0.506 <0.250 0.345 <0.250 
006        0.265 <0.250 <0.250 <0.250 2.714 <0.250 
BB5 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 0.652 <0.250 
001          1.195 0.460 0.504 0.638 
BB6 0.835 <0.250 <0.250 0.367 <0.250 0.112 <0.250 0.673 <0.250 0.377 0.321 0.803 <0.250 
BB7 0.760 <0.250 <0.250 5.389 <0.250 0.107 <0.250 0.708 <0.250 0.299 0.367 0.610 <0.250 
BB8 0.839 <0.250 <0.250 0.223 <0.250 0.092 <0.250 0.690 <0.250 0.299 0.294 0.280 <0.250 
BB9 0.830 <0.250 <0.250 <0.250 <0.250 0.046 <0.250 0.416 <0.250 0.338 <0.250 <0.250 <0.250 
 
LB1 <0.250   <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250  <0.250 
LB2A <0.250 <0.250 <0.250 <0.250 <0.250 <0.250  1.044 <0.250 <0.250 0.404 0.311 <0.250 
010+011        0.628 <0.250 <0.250 <0.250 <0.250 0.797 
LB2 <0.250 <0.250 <0.250 <0.250 <0.250 0.025 <0.250 0.788 <0.250 <0.250 <0.250 0.621 <0.250 
LB3 <0.250 <0.250 <0.250 <0.250 <0.250 0.028 0.283 0.920 <0.250 <0.250 0.266 <0.250 <0.250 
LB4 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 <0.250 0.266 <0.250 <0.250 
 
 Table A-7. Chromium concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 
1997-2005. Blank values indicate samples were not collected. 
 
 Chromium Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <0.500 <1.000 <1.000 2.673 1.498 <1.000 <1.000 <1.000 <1.000 <1.000  0.609 
BB1A  <0.500 <1.000 <1.000 6.336 1.127 <1.000 <1.000 <1.000 <1.000 <1.000 <5.000 0.743 
BB1 0.636 <0.500 <1.000 1.078 7.513 1.325 <1.000 <1.000 <1.000 <1.000 <1.000 <5.000 0.707 
BB2A  <0.500 1.790  4.640 1.634  <1.000  <1.000 <1.000 <5.000 1.262 
BB2  <0.500 5.360 <1.000 3.423 1.161 <1.000 <1.000 <1.000 <1.000 <1.000 <5.000 0.933 
BB3 0.951 <0.500 <1.000 <1.000 6.194 1.177 <1.000 <1.000 0.265 <1.000 <1.000 <5.000 0.976 
232
008          1.010 <1.000 <5.000 1.221 
BB4 1.188 0.620 <1.000 <1.000 6.721 <1.000 <1.000 <1.000 0.308 <1.000 <1.000 <5.000 0.984 
006        <1.000 0.547 <1.000 <1.000 <5.000 1.324 
BB5 0.963 0.740 1.440 0.893 4.640 1.027 1.487 <1.000 0.350 <1.000 <1.000 <5.000 1.144 
001          4.677 <1.000 <5.000 1.173 
BB6 1.937 <0.500 1.050 1.989 7.066 2.165 1.370 <1.000 0.709 2.271 <1.000 <5.000 1.201 
BB7 1.308 <0.500 1.275 1.984 5.014 2.283 2.366 <1.000 0.709 2.208 <1.000 <5.000 1.031 
BB8 1.205 <0.500 1.740 1.350 4.417 1.471 1.964 <1.000 0.566 2.708 <1.000 <5.000 1.108 
BB9 2.415 <0.500 <1.000 1.355 4.520 2.018 <1.000 <1.000 0.806 2.354 <1.000 <5.000 1.213 
 
LB1 1.634   2.550 6.385 2.415 <1.000 <1.000 0.566 <1.000 <1.000  1.454 
LB2A 2.188 0.870 2.230 1.412 3.408 2.495  <1.000 0.585 1.198 <1.000 <5.000 1.514 
010+011        2.408 2.188 1.396 <1.000 <5.000 2.313 
LB2 2.289 1.280 1.440 2.432 3.080 2.568 0.938 <1.000 1.401 1.604 <1.000 <5.000 1.633 
LB3 1.858 0.890 <1.000 2.740 2.986 2.831 <1.000 <1.000 1.190 <1.000 <1.000 <5.000 1.475 
LB4 2.039 2.020 1.580 2.109 5.043 3.893 1.030 1.431 1.296 1.344 <1.000 <5.000 1.548 
 
 Table A-8. Copper concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 
1997-2005. Blank values indicate samples were not collected. 
 
 Copper Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <1.000 <1.000 <1.000 3.580 1.445 1.011 <1.000 <1.000 <1.000 <1.000  2.040 
BB1A  <1.000 <1.000 1.215 6.226 1.505 <1.000 <1.000 1.164 <1.000 <1.000 <1.000 5.540 
BB1 <1.000 1.800 <1.000 1.144 7.549 1.361 <1.000 <1.000 <1.000 <1.000 <1.000 <1.000 2.240 
BB2A  <1.000 1.370  3.790 1.258  0.970  <1.000 2.122 2.405 3.760 
BB2  <1.000 <1.000 2.547 2.871 1.247 1.968 1.185 <1.000 <1.000 <1.000 <1.000 3.880 
BB3 6.182 <1.000 <1.000 1.014 5.328 <1.000 1.653 1.002 1.122 <1.000 2.023 1.213 4.580 
233
008          4.054 4.772 48.244 25.351 
BB4 3.277 1.740 5.160 1.562 5.966 1.329 1.811 2.155 6.219 <1.000 1.991 22.010 9.380 
006        1.519 1.475 <1.000 1.083 3.386 3.710 
BB5 3.130 1.360 3.610 1.349 3.921 1.371 4.200 1.920 1.370 <1.000 1.719 7.307 7.320 
001          4.950 6.965 9.595 21.324 
BB6 7.322 7.910 3.225 4.732 6.473 3.697 2.495 6.540 3.529 <1.000 3.251 4.950 8.650 
BB7 13.785 1.360 1.950 4.964 8.987 3.590 1.855 5.939 2.924 <1.000 3.043 4.114 9.050 
BB8 4.662 3.350 1.260 3.557 5.798 2.320 1.262 5.042 2.278 <1.000 2.408 4.298 6.710 
BB9 7.270 <1.000 <1.000 2.640 4.883 2.107 2.226 3.027 2.111 <1.000 1.848 2.160 6.500 
 
LB1 3.081   1.359 4.803 1.857 3.360 1.920 1.936 <1.000 1.745  3.930 
LB2A 8.143 <1.000 <1.000 1.395 1.714 1.520  <1.000 <1.000 <1.000 <1.000 <1.000 5.140 
010+011        2.057 2.577 <1.000 2.883 3.456 70.625 
LB2 1.197 2.180 <1.000 2.134 1.886 1.503 3.782 1.350 1.939 <1.000 1.936 2.570 8.680 
LB3 2.677 1.460 <1.000 2.050 2.095 1.841 3.284 1.329 1.380 <1.000 1.356 2.657 7.040 
LB4 4.378 1.210 <1.000 2.034 3.171 2.031 2.766 1.962 1.770 <1.000 1.545 2.181 5.220 
 
 Table A-9. Iron concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 1997-
2005. Blank values indicate samples were not collected. 
 
 Iron Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC   949.0 268.8  1063.4 286.1 41.9 84.4 <50.0 388.3  110.3 
BB1A   172.4 866.2  1102.9 736.0 175.9 477.6 <50.0 289.9 216.3 352.0 
BB1   609.7 405.9  1526.6 510.1 257.0 508.0 186.7 366.5 179.3 275.5 
BB2A   190.1   1426.7  1655.8  155.0 317.7 2180.0 472.0 
BB2   3574.2 894.5  1426.7 1310.3 560.2 338.0 <50.0 212.1 623.9 461.3 
BB3   492.4 1182.0  1349.2 533.8 577.1 788.6 328.4 580.9 183.5 671.7 
234
008          63.7 285.7 599.7 182.2 
BB4   <130.0 780.5  1179.8 241.1 139.5 526.8 <50.0 445.3 1746.2 278.6 
006        <10.0 610.4 1791.0 585.1 1207.7 195.4 
BB5   1016.5 1047.9  1052.8 1955.9 311.3 555.2 1377.9 566.4 2720.2 268.5 
001          2030.3 233.0 650.8 255.8 
BB6   376.9 535.8  <1000.0 566.4 216.0 386.0 <50.0 399.0 284.4 307.0 
BB7   279.3 276.6  <1000.0 453.9 110.2 296.0 541.8 263.1 250.0 314.5 
BB8   193.8 793.3  1140.1 341.9 162.9 263.9 49.8 206.4 268.3 202.7 
BB9   418.7 571.3  1631.9 849.8 1161.4 771.5 102.8 532.5 187.8 843.9 
 
LB1    677.5  2541.2 1553.7 407.9 1154.8 640.3 711.1  952.6 
LB2A   934.4 699.1  2043.1  <10.0 1045.8 <50.0 608.1 369.2 667.0 
010+011        454.1 441.1 <50.0 358.6 269.6 304.8 
LB2   221.5 267.6  <1000.0 357.8 79.8 548.4 55.6 377.8 181.8 542.4 
LB3   229.8 453.7  1306.9 416.3 93.4 542.4 141.6 366.9 247.7 642.9 
LB4   320.0 483.4  2199.6 1614.9 546.1 785.9 63.6 574.2 370.2 531.7 
 
 Table A-10. Nickel concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 
1997-2005. Blank values indicate samples were not collected. 
 
 Nickel Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  2.190 <3.000 <3.000 6.440 15.022 <3.000 <3.000 <1.000 1.005 1.001  1.571 
BB1A  <2.000 <3.000 <3.000 10.766 10.212 <3.000 <3.000 1.984 <1.000 1.209 <5.000 1.624 
BB1 <2.000 6.300 <3.000 <3.000 13.244 9.402 <3.000 <3.000 1.860 <1.000 1.314 <5.000 1.539 
BB2A  <2.000 <3.000  6.454 8.771  <3.000  <1.000 1.278 <5.000 1.751 
BB2  2.200 5.085 <3.000 4.156 8.200 5.066 <3.000 0.953 <1.000 <1.000 <5.000 1.763 
BB3 <2.000 <2.000 <3.000 <3.000 8.475 10.085 2.987 <3.000 1.421 <1.000 1.087 <5.000 1.810 
235
008          2.141 2.680 <5.000 3.685 
BB4 <2.000 <2.000 3.980 <3.000 7.512 9.951 3.091 <3.000 1.604 1.144 1.494 5.350 2.213 
006        <3.000 <1.000 <1.000 <1.000 <5.000 1.176 
BB5 <2.000 <2.000 <3.000 <3.000 5.348 8.662 3.970 <3.000 1.187 <1.000 1.068 <5.000 1.797 
001          8.958 4.669 <5.000 5.371 
BB6 24.110 3.350 3.280 12.569 8.208 16.036 4.168 18.288 2.154 4.097 2.386 <5.000 2.796 
BB7 25.720 <2.000 <3.000 7.941 8.246 19.152 4.125 18.333 1.932 3.884 1.900 <5.000 2.733 
BB8 5.744 <2.000 <3.000 7.370 6.182 18.653 3.823 17.546 2.253 3.252 2.094 <5.000 3.007 
BB9 13.460 <2.000 <3.000 5.509 6.278 12.821 5.428 6.071 2.299 2.759 2.355 <5.000 2.639 
 
LB1 3.511   3.426 6.530 7.565 5.274 <3.000 2.889 2.775 1.893  2.171 
LB2A <2.000 3.200 <3.000 <3.000 <3.000 14.482  9.359 1.658 <1.000 1.407 <5.000 2.856 
010+011        5.760 <1.000 <1.000 <1.000 <5.000 1.799 
LB2 <2.000 2.090 3.150 4.780 <3.000 9.461 3.265 2.821 1.189 <1.000 <1.000 <5.000 2.457 
LB3 <2.000 2.250 <3.000 <3.000 <3.000 9.370 5.660 6.886 1.510 <1.000 1.147 <5.000 2.740 
LB4 <2.000 <2.000 <3.000 <3.000 <3.000 10.813 5.180 <3.000 1.968 <1.000 1.193 <5.000 1.709 
 
 Table A-11. Lead concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 
1997-2005. Blank values indicate samples were not collected. 
 
 Lead Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <0.500 <0.500 0.905 <1.000 <0.500 0.134 <1.000 <1.000 <0.500 <0.500  2.415 
BB1A  <0.500 0.670 <0.500 3.742 <0.500 0.176 <1.000 <1.000 <0.500 <0.500 <5.000 <1.000 
BB1 <0.500 0.700 <0.500 <0.500 4.560 <0.500 0.238 <1.000 <1.000 <0.500 <0.500 <5.000 <1.000 
BB2A  0.840 1.520  2.120 <0.500  <1.000  <0.500 <0.500 6.041 1.605 
BB2  <0.500 0.650 <0.500 1.068 <0.500 0.396 <1.000 <1.000 <0.500 <0.500 <5.000 1.128 
BB3 <0.500 0.850 <0.500 1.585 3.464 <0.500 0.203 <1.000 <1.000 <0.500 <0.500 <5.000 1.186 
236
008          0.778 <0.500 <5.000 1.291 
BB4 <0.500 <0.500 0.510 0.710 2.312 <0.500 0.118 <1.000 <1.000 0.544 <0.500 10.663 1.543 
006        <1.000 <1.000 <0.500 <0.500 <5.000 <1.000 
BB5 <0.500 1.600 0.530 0.565 1.190 <0.500 0.599 <1.000 <1.000 <0.500 <0.500 13.268 1.925 
001          2.700 <0.500 5.173 <1.000 
BB6 2.969 <0.500 <0.500 2.638 1.805 <0.500 0.460 2.623 <1.000 1.022 <0.500 <5.000 2.264 
BB7 2.942 1.720 0.675 3.056 1.636 0.960 0.403 2.131 <1.000 1.011 <0.500 <5.000 1.344 
BB8 2.662 0.930 0.750 2.163 2.229 0.948 0.393 2.432 <1.000 1.078 <0.500 <5.000 <1.000 
BB9 2.995 1.110 0.510 2.531 1.483 0.623 0.310 1.985 4.982 0.756 <0.500 <5.000 1.558 
 
LB1 0.578   <0.500 1.628 <0.500 0.406 <1.000 8.054 <0.500 <0.500  1.845 
LB2A <0.500 1.890 1.160 0.940 <1.000 <0.500  1.566 0.994 <0.500 <0.500 <5.000 1.872 
010+011        1.849 0.896 <0.500 <0.500 <5.000 1.426 
LB2 0.705 1.810 <0.500 1.865 <1.000 <0.500 0.291 1.503 <1.000 <0.500 <0.500 <5.000 2.269 
LB3 0.523 1.410 <0.500 1.100 <1.000 <0.500 0.280 1.603 1.020 <0.500 <0.500 <5.000 1.676 
LB4 0.509 <0.500 <0.500 0.560 <1.000 <0.500 0.321 <1.000 <1.000 <0.500 <0.500 <5.000 <1.000 
 
 Table A-12. Zinc concentrations in stream water from Massac creek, Big and Little Bayou creeks, and KPDES effluents collected 
1997-2005. Blank values indicate samples were not collected. 
 
 Zinc Concentration (µg/L) 
 
Sampling July Oct. Sept. Mar. Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1998 1999 2000 2000 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  2.620 <1.000 2.118 5.375 17.812 0.964 1.467 <1.000 5.777 2.284  1.749 
BB1A  3.050 <1.000 3.000 19.287 5.416 <1.000 0.367 2.385 <1.000 <1.000 <3.000 2.217 
BB1 2.082 3.520 36.705 1.758 11.570 6.131 6.124 1.290 1.524 <1.000 <1.000 <3.000 1.383 
BB2A  3.500 1.840  14.917 7.214  1.751  2.812 3.333 9.388 2.906 
BB2  1.860 1.440 2.904 10.323 4.331 9.740 3.870 <1.000 2.702 <1.000 7.620 6.190 
BB3 3.135 5.560 <1.000 11.252 14.698 5.917 1.283 6.154 3.886 11.324 4.399 5.471 6.779 
237
008          14.948 10.656 18.850 32.951 
BB4 8.483 10.600 2.315 3.351 14.563 9.126 7.059 2.201 10.744 7.451 3.757 29.271 11.651 
006        <1.000 1.077 3.794 1.399 3.947 1.835 
BB5 6.327 6.630 3.600 2.835 10.094 9.713 4.484 4.848 3.465 7.536 2.453 9.045 7.041 
001          7.784 2.138 8.756 5.056 
BB6 15.123 6.560 <1.000 8.077 13.625 11.922 2.160 6.072 8.244 16.062 6.141 8.955 12.457 
BB7 11.462 5.110 <1.000 123.242 12.625 8.491 1.130 7.984 1.519 16.165 1.032 6.982 9.571 
BB8 14.532 4.160 2.660 4.492 11.587 6.655 <1.000 2.611 4.338 5.309 <1.000 4.659 4.449 
BB9 7.665 2.630 <1.000 5.587 8.057 4.951 1.161 4.254 2.859 2.948 1.639 4.981 3.390 
 
LB1 16.522   10.954 56.280 19.155 13.664 698.450 8.071 16.577 30.697  38.078 
LB2A 5.949 14.570 3.045 8.449 9.853 19.583  3.065 9.235 11.794 9.076 3.470 23.135 
010+011        3.182 19.177 7.711 21.305 4.458 55.167 
LB2 9.040 17.520 3.715 13.504 9.932 15.647 5.535 1.375 19.102 10.278 20.453 5.942 34.357 
LB3 5.562 14.760 3.350 10.605 6.497 8.868 3.741 0.991 11.819 5.680 16.058 4.069 24.218 
LB4 3.499 6.660 <1.000 10.735 10.427 8.553 12.073 2.949 6.091 2.784 3.927 <3.000 6.174 
 
 Table A-13. Mean silver concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Silver Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  0.054 0.126 0.349 0.061 0.022 0.024 0.112  <0.250 
BB1A  0.027 0.021 0.049 0.033 0.018 0.026 0.085 0.012 <0.250 
BB1 0.090 0.081 0.022 0.024 0.022 0.025 0.021 0.083 0.028 <0.250 
BB2A  0.056 0.023  0.049  0.021 0.098 0.025 <0.250 
BB2  0.031 0.028 0.039 0.047 0.023 0.019 0.087 0.013 <0.250 
BB3 0.077 0.143 0.047 0.019 0.048 0.015 0.023 0.076 0.048 <0.250 
008       0.070 0.154 0.012 <0.250 
238
BB4 0.374 0.186 0.029 0.037 0.097 0.031 0.027 0.070 0.023 <0.250 
006       0.024 0.078 0.028 <0.250 
BB5 0.507 0.086 0.007 0.055 0.036 0.029 0.012 0.071 0.012 <0.250 
001       0.028 0.061 0.013 <0.250 
BB6 0.712 0.127 0.026 0.035 0.066 0.027 0.027 0.095 0.017 <0.250 
BB7 0.615 0.080 0.041 0.053 0.046 0.033 0.024 0.076 0.022 <0.250 
BB8 0.504 0.052 0.028 0.037 0.037 0.027 0.023 0.088 0.009 <0.250 
BB9 0.359 0.081 0.028 0.038 0.081 0.043 0.020 0.096 0.013 <0.250 
 
LB1 0.253  0.038 0.057 0.038  0.017 0.081  <0.250 
LB2A 0.126 0.124 0.021  0.073 0.020 0.015 0.080 0.012 <0.250 
010+011     0.023  0.016 0.073 0.016 <0.250 
LB2 <0.048 0.159 0.027 0.068 0.025 0.018 0.012 0.065 0.013 <0.250 
LB3 0.457 0.044 0.018 0.021 0.041 0.009 0.015 0.084 0.016 <0.250 
LB4 0.148 0.039 0.022 0.030 0.033 0.039 0.026 0.068 0.004 <0.250 
 
 Table A-14. Mean beryllium concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, 
and KPDES effluents collected 1997-2005.  
 Beryllium Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <0.36 0.48 0.56 <18.86 0.21 0.20 0.22  0.55 
BB1A  1.39 0.21 0.53 <19.59 0.29 0.39 0.24 <0.22 <0.25 
BB1 0.97 0.96 0.34 0.65 <19.45 0.53 0.24 0.41 0.48 0.47 
BB2A  1.08 0.39  <22.51  0.36 0.19 0.36 0.42 
BB2  0.34 0.45 0.66 <28.15 0.22 0.20 0.24 0.32 0.48 
BB3 0.72 0.50 0.57 0.24 <21.90 <0.19 0.28 0.29 0.29 <0.25 
008       0.37 0.32 0.35 0.29 
239
BB4 0.78 0.90 0.19 0.54 <19.16 0.35 0.25 0.20 0.36 0.28 
006       0.26 0.24 0.31 0.53 
BB5 1.00 0.49 0.14 0.70 <17.53 0.23 0.19 0.29 0.27 0.42 
001       0.28 0.33 0.24 0.75 
BB6 1.21 0.67 0.36 0.75 <24.57 0.36 0.22 0.23 <0.24 <0.25 
BB7 0.96 1.04 0.39 0.53 <22.72 0.31 0.52 0.28 0.23 <0.25 
BB8 0.72 0.55 0.31 0.49 <19.23 0.26 0.22 0.29 <0.22 <0.25 
BB9 1.31 0.79 0.29 0.61 <21.70 0.39 0.58 0.34 0.28 0.39 
 
LB1 0.99  0.71 0.61 <20.35  0.69 0.32  0.63 
LB2A 1.17 0.76 0.26  <17.71 0.33 0.28 0.56 0.50 0.36 
010+011     <25.73  0.25 0.30 0.34 0.58 
LB2 1.17 0.91 0.34 0.81 <24.22 0.30 0.32 0.35 0.35 0.31 
LB3 1.02 2.47 0.18 1.01 <15.64 0.53 0.67 0.73 0.80 <0.25 
LB4 0.64 0.28 0.12 0.23 <21.79 0.35 0.23 0.24 <0.24 0.85 
 
 Table A-15. Mean cadmium concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, 
and KPDES effluents collected 1997-2005. 
 Cadmium Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <0.04 0.03 0.01 0.64 0.56 0.64 0.65  1.09 
BB1A  0.04 0.02 <0.01 0.40 0.75 1.08 0.65 0.55 0.57 
BB1 1.16 <0.04 0.01 <0.01 0.28 1.19 0.65 1.06 1.22 1.10 
BB2A  0.04 0.03  0.56  0.99 0.53 0.73 0.94 
BB2  0.11 0.03 0.01 0.82 0.48 0.56 0.65 0.58 0.87 
BB3 1.19 0.03 0.02 <0.01 0.68 0.59 0.79 0.92 1.06 0.68 
008       1.09 1.18 0.91 0.76 240 BB4 1.18 0.03 0.02 0.01 1.26 1.15 0.73 0.58 0.93 0.62 
006       0.70 1.15 0.78 0.87 
BB5 1.49 0.06 0.02 0.02 0.47 0.58 0.68 0.90 0.74 1.25 
001       0.58 0.55 0.44 1.95 
BB6 1.41 0.11 0.02 <0.01 0.75 0.48 0.89 0.60 0.43 0.60 
BB7 1.43 0.07 0.03 0.02 1.02 0.65 1.01 0.87 0.73 0.56 
BB8 1.23 0.07 0.03 0.01 0.64 0.56 0.52 0.68 0.46 0.41 
BB9 1.50 0.08 0.05 <0.01 0.81 0.64 1.08 0.84 0.74 0.65 
 
LB1 1.22  0.05 0.01 0.83  1.65 1.31  1.26 
LB2A 1.28 0.03 0.03  1.73 0.60 0.68 1.59 0.99 0.71 
010+011     0.62  0.70 0.78 0.71 1.17 
LB2 1.25 0.10 0.03 0.02 0.75 0.67 0.75 0.79 0.78 0.58 
LB3 2.00 0.07 0.02 <0.01 1.98 1.15 1.56 2.12 1.91 0.42 
LB4 <1.15 <0.04 0.02 <0.01 0.40 0.66 0.63 0.52 0.40 1.32 
 
 Table A-16. Mean chromium concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, 
and KPDES effluents collected 1997-2005. 
 Chromium Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <3.57 10.15 11.41 9.91 9.15 9.33 9.38  40.95 
BB1A  7.46 8.71 3.94 5.75 10.69 65.64 5.90 8.46 9.67 
BB1 19.51 <3.87 18.61 63.54 4.20 16.44 28.87 19.37 25.48 19.42 
BB2A  6.64 19.67  9.07  57.07 5.76 18.32 16.21 
BB2  <3.08 25.30 7.79 14.54 7.09 6.55 6.66 12.47 21.46 
BB3 17.83 <2.63 37.24 6.48 8.84 5.54 36.56 8.61 17.47 7.23 
008       46.51 20.25 14.13 9.70 241 BB4 21.45 <2.80 12.60 9.58 32.18 37.06 24.70 7.85 22.09 12.26 
006       8.32 6.89 10.01 20.96 
BB5 33.84 <2.90 7.52 8.73 9.55 8.85 11.57 8.78 9.36 18.41 
001       15.70 9.66 9.51 31.12 
BB6 29.65 <2.67 12.65 13.02 13.62 7.19 62.38 7.26 9.03 9.83 
BB7 67.97 5.98 21.32 8.22 24.75 12.22 56.45 13.17 17.81 7.72 
BB8 26.88 3.20 13.72 7.13 16.82 7.51 7.88 7.64 6.90 6.26 
BB9 29.92 <2.53 18.15 5.07 8.94 9.24 69.54 27.32 9.86 13.40 
 
LB1 25.95  18.89 7.55 7.76  24.32 12.83  9.69 
LB2A 70.65 <2.48 16.99  22.42 9.82 19.97 24.22 16.81 14.18 
010+011     17.94  102.10 19.92 16.58 31.06 
LB2 34.75 <4.06 28.09 10.69 5.84 13.72 50.17 12.47 17.48 28.66 
LB3 79.04 14.38 15.70 30.02 37.53 32.15 119.45 29.64 50.42 14.88 
LB4 52.53 <3.65 14.32 10.95 80.24 17.78 728.03 14.63 24.74 13.92 
 
 Table A-17. Mean copper concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Copper Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  1.28 3.99 5.28 1.41 1.70 1.93 1.36  3.83 
BB1A  4.15 2.89 3.04 1.15 2.74 3.35 3.96 4.27 2.96 
BB1 7.51 5.05 2.20 1.96 1.00 3.29 1.53 2.73 2.88 3.12 
BB2A  4.66 2.84  1.33  2.91 1.86 1.86 2.28 
BB2  4.22 3.62 3.40 1.90 1.92 2.72 2.61 4.14 2.79 
BB3 6.21 3.98 2.76 <19.98 1.48 1.01 1.73 4.05 2.61 1.50 
008       10.61 27.57 5.11 6.85 242 BB4 9.62 4.26 1.35 3.95 2.25 3.78 2.69 2.08 3.22 1.71 
006       4.55 5.03 5.32 7.50 
BB5 12.09 6.31 0.56 6.89 1.12 2.70 1.80 2.51 2.70 2.60 
001       11.59 14.06 12.78 6.86 
BB6 6.54 11.63 2.55 3.19 4.66 1.74 2.63 4.88 1.92 3.59 
BB7 16.28 12.84 4.24 8.67 2.07 2.45 4.02 3.90 3.66 3.47 
BB8 6.57 2.92 5.16 3.46 1.43 3.60 4.08 4.22 3.64 3.00 
BB9 8.42 6.51 4.85 3.32 5.35 4.49 4.24 8.26 4.44 3.49 
 
LB1 9.04  10.33 5.05 5.72  8.90 9.80  8.06 
LB2A 7.38 3.34 3.29  5.78 3.03 3.56 4.23 3.69 2.89 
010+011     4.74  7.63 6.79 4.57 5.45 
LB2 6.20 6.28 4.29 2.61 2.57 3.98 4.27 4.85 3.87 4.60 
LB3 8.85 34.68 2.54 2.90 6.66 4.56 6.26 8.23 8.03 3.14 
LB4 7.54 2.70 2.84 2.56 2.79 4.89 4.37 3.92 2.73 22.24 
 
 Table A-18. Mean iron concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Iron Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  4174.0 7759.2 9058.4 7398.5 5707.8 71438.3 4886.5  18324.8 
BB1A  4894.0 6742.5 6677.2 5293.9 6743.1 131051.0 5002.2 10067.7 6906.0 
BB1  14134.9 7186.5 10157.8 3913.9 10442.0 77137.1 9929.9 22569.3 10123.2 
BB2A  16302.3 8210.0  6986.6  120398.4 2937.4 13291.1 11534.0 
BB2  9863.2 7940.2 7017.3 9483.0 5666.3 62186.7 4794.7 10907.9 10495.5 
BB3  6228.2 8580.3 5123.0 7850.9 4473.4 93006.5 8362.8 14988.1 6201.3 
008       126461.2 7163.4 16240.5 9169.9 243 BB4  9086.1 7087.9 7544.9 11692.5 8414.1 83250.3 4226.9 18200.0 7825.8 
006       82123.7 4984.5 14862.9 9100.1 
BB5  5547.3 5535.4 10233.9 5673.9 6510.5 82372.0 8131.8 14801.1 13235.0 
001       64063.9 3644.8 5931.5 16896.6 
BB6  7473.4 7062.4 10205.3 8783.5 5498.4 112221.3 5499.7 7314.2 7773.7 
BB7  23576.7 8103.8 7422.1 10966.4 6894.9 125922.3 6788.8 13749.4 7282.9 
BB8  5624.9 6531.1 6815.0 7331.9 6124.2 60288.5 5314.1 8093.8 5367.6 
BB9  4699.8 6796.8 6338.8 8821.6 7384.5 134711.2 6662.5 9045.7 8434.9 
 
LB1   8046.9 8806.7 9382.2  206875.2 14065.5  12165.5 
LB2A  5955.9 7008.6  14533.0 6664.7 78143.4 13067.0 19278.0 9675.7 
010+011     6678.7  76200.8 5832.6 13840.8 11571.6 
LB2  24322.3 7622.3 7486.5 8778.0 6435.9 88326.5 6201.8 15036.3 7546.6 
LB3  37369.0 6822.4 10583.4 14813.2 10722.5 195150.3 22403.7 38982.4 5508.7 
LB4  3659.7 5313.7 5119.6 5341.7 6466.0 64306.2 3602.0 5900.7 12154.6 
 
 Table A-19. Mean nickel concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Nickel Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <19.79 19.65 5.82 1.81 2.19 2.58 2.11  5.22 
BB1A  <21.60 10.76 5.10 1.34 3.50 4.06 4.47 4.93 3.09 
BB1 11.64 <22.36 11.98 3.83 1.20 3.67 2.04 3.28 3.81 3.61 
BB2A  28.44 13.48  1.71  3.15 2.27 2.35 2.94 
BB2  23.38 9.22 5.73 2.41 2.38 3.30 3.16 4.21 3.75 
BB3 11.45 <19.15 7.27 <4.00 1.90 1.44 2.49 3.89 3.41 1.79 
008       6.80 16.87 4.93 3.76 244 BB4 13.13 16.72 4.22 3.87 3.25 3.02 2.99 2.20 3.50 2.21 
006       5.04 3.75 5.70 4.49 
BB5 14.15 <19.20 2.03 6.78 1.49 2.62 2.77 2.76 3.34 2.62 
001       6.44 6.29 5.58 7.58 
BB6 12.80 <22.62 4.82 4.60 3.61 2.64 2.62 4.00 2.01 3.14 
BB7 38.43 32.09 6.10 7.26 3.08 3.25 4.70 3.82 4.12 3.29 
BB8 <12.32 <18.92 18.95 6.87 1.68 3.71 4.07 4.13 4.68 3.14 
BB9 15.72 <24.95 12.52 5.54 5.57 4.52 5.86 7.63 5.39 4.29 
 
LB1 13.82  42.09 7.33 4.77  8.00 6.73  6.82 
LB2A 12.77 27.12 6.60  6.29 3.72 4.23 5.04 5.01 3.77 
010+011     3.49  4.79 4.33 4.75 5.90 
LB2 <12.02 23.58 8.81 6.16 2.68 3.87 4.69 4.39 5.32 3.96 
LB3 14.91 51.15 6.86 6.42 6.02 4.94 6.70 6.57 7.20 2.96 
LB4 <11.47 18.52 6.17 3.90 1.34 5.57 2.21 3.18 1.43 5.07 
 
 Table A-20. Mean lead concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Lead Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  2.90 6.51 5.13 5.10 4.22 13.20 11.50  8.08 
BB1A  10.13 7.16 5.95 3.72 6.00 19.89 12.37 36.51 5.56 
BB1 6.46 10.22 5.78 4.57 2.96 8.87 12.03 17.23 49.53 7.96 
BB2A  9.72 8.63  4.32  17.65 9.57 42.14 7.50 
BB2  6.35 15.09 5.36 5.48 5.34 12.22 12.17 45.42 6.86 
BB3 5.98 8.35 11.89 2.48 3.47 3.02 14.66 16.16 41.24 3.20 
008       19.25 22.03 46.72 5.93 245 BB4 6.83 7.37 3.14 5.55 8.22 6.07 13.49 10.40 46.60 3.84 
006       15.20 13.16 44.57 8.19 
BB5 7.35 5.53 2.46 7.63 2.71 5.05 12.74 13.89 41.45 5.20 
001       11.43 8.94 36.17 12.88 
BB6 4.72 6.82 9.48 5.30 9.31 3.41 17.65 13.67 36.95 5.34 
BB7 7.27 10.59 8.59 6.00 4.60 5.38 22.10 14.16 37.36 5.79 
BB8 6.69 6.90 10.66 7.09 4.79 6.07 11.52 13.70 35.54 4.88 
BB9 6.17 7.78 10.23 5.05 7.13 6.69 21.10 16.27 36.83 6.39 
 
LB1 6.68  22.02 6.78 7.40  18.40 23.35  14.36 
LB2A 6.50 4.05 10.10  18.82 4.54 12.94 23.70 47.96 7.71 
010+011     5.49  13.18 13.77 40.91 11.54 
LB2 6.25 10.38 8.89 5.10 3.91 5.49 14.07 13.74 43.70 6.19 
LB3 6.76 33.16 7.61 8.49 12.96 9.41 26.17 12.26 70.34 5.27 
LB4 5.38 4.13 6.12 4.58 3.52 6.61 11.75 9.90 36.61 16.86 
 
 Table A-21. Mean zinc concentrations (µg/g wet weight) in stream sediments from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Zinc Concentration (µg/g) 
 
Sampling July Sept. Feb. Aug. June Mar. Sept. Mar. Oct. Mar. 
Station 1997 1999 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC  <9.89 17.98 11.40 5.09 5.83 7.56 5.18  12.65 
BB1A  17.43 17.13 14.42 4.85 9.12 10.72 14.15 46.29 10.74 
BB1 34.85 16.49 13.11 7.53 3.88 11.76 6.43 10.21 55.99 10.90 
BB2A  20.43 17.84  5.97  18.26 15.16 63.68 12.75 
BB2  40.38 31.58 19.68 8.28 8.14 10.66 11.16 72.70 12.24 
BB3 34.20 16.95 15.13 6.57 7.48 7.47 11.92 38.01 65.96 6.59 
008       36.39 41.50 70.08 24.10 246 BB4 53.11 12.09 12.78 18.32 10.67 16.52 13.54 10.97 70.35 10.09 
006       16.39 12.60 71.72 15.31 
BB5 48.45 15.21 <10.54 23.93 5.47 9.09 6.33 5.82 60.01 7.50 
001       31.14 24.72 139.04 22.34 
BB6 31.01 28.20 15.63 13.01 15.20 6.58 10.18 20.11 60.97 15.43 
BB7 78.01 50.61 21.91 31.10 10.69 10.66 28.04 14.73 64.53 14.66 
BB8 33.14 10.89 21.44 12.70 5.11 12.33 15.40 29.14 61.28 12.06 
BB9 50.56 28.81 25.69 16.49 25.88 22.98 19.63 25.97 67.22 16.83 
 
LB1 54.69  52.45 25.07 19.60  43.15 142.99  45.57 
LB2A 49.79 12.30 19.06  21.57 14.69 25.72 22.33 67.42 17.85 
010+011     33.00  49.65 35.43 78.67 68.56 
LB2 40.99 34.21 27.80 12.06 8.60 22.91 27.37 29.63 82.45 32.45 
LB3 75.77 159.53 22.96 21.93 31.32 24.61 35.85 51.02 94.35 20.59 
LB4 40.96 12.40 17.92 14.15 16.05 20.23 19.52 19.17 68.38 39.84 
 
 Table A-22. Mean silver concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Silver Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 0.082  0.022 0.098  <0.250 
BB1A 0.038 0.012 0.020 0.091 0.036 <0.250 
BB1 0.026 0.012 0.029 0.070 0.029 <0.250 
BB2A 0.015  0.031 0.096 0.036 <0.250 
BB2 0.046 0.019 0.031 0.084 0.038 <0.250 
BB3 0.037 0.013 0.026 0.085 0.028 <0.250 
008   0.029  0.016 <0.250 247 BB4 0.043 0.017 0.024 0.082 0.022 <0.250 
006   0.021 0.089 0.044 <0.250 
BB5 0.037 0.019 0.026 0.087 0.040 <0.250 
001   0.031 0.085 0.030 <0.250 
BB6 0.046 0.015 0.031 0.093 0.021 <0.250 
BB7 0.028 0.015 0.037 0.107 0.051 <0.250 
BB8 0.037 0.031 0.030 0.082 0.039 <0.250 
BB9 0.025 0.023 0.025 0.094 0.017 <0.250 
 
LB1 0.024 0.014 0.025 0.088  <0.250 
LB2A 0.041 <0.011 0.019 0.095 0.041 0.314 
010+011   0.022  0.029 <0.250 
LB2 0.035 <0.010 0.015 0.098 0.037 <0.250 
LB3 0.047 <0.011 0.013 0.079 0.033 <0.250 
LB4 0.047 0.068 0.044 0.097 0.087 <0.250 
 
 Table A-23. Mean beryllium concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, 
and KPDES effluents collected 1997-2005. 
 Beryllium Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 0.61  0.28 0.58  0.35 
BB1A <0.38 0.26 0.22 0.20 0.32 0.29 
BB1 <0.37 0.26 0.26 0.17 0.25 0.36 
BB2A <0.35  0.26 0.43 0.37 0.32 
BB2 <0.43 0.31 0.40 0.22 0.37 0.30 
BB3 <0.38 0.32 0.35 0.25 0.30 0.35 
008   0.29  0.45 <0.25 
248
BB4 <0.53 0.30 0.30 0.25 0.25 0.30 
006   0.30 0.19 0.29 0.35 
BB5 <0.39 0.27 0.24 0.24 0.29 0.27 
001   0.28 0.24 0.44 0.34 
BB6 <0.45 0.27 0.28 0.26 0.24 <0.25 
BB7 <0.43 0.26 0.26 0.29 0.29 0.29 
BB8 <0.48 0.32 0.29 0.22 0.35 0.33 
BB9 <0.46 0.34 0.22 0.35 0.28 0.53 
 
LB1 <0.50 0.42 0.52 0.29  0.45 
LB2A <0.39 0.28 0.26 0.17 0.28 <0.25 
010+011   0.22  0.27 <0.25 
LB2 <0.39 0.39 0.28 0.26 0.29 0.29 
LB3 <0.38 0.25 0.24 0.25 0.26 <0.25 
LB4 <0.48 0.20 0.17 0.21 0.31 <0.25 
 
 Table A-24. Mean cadmium concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Cadmium Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 1.98  0.89 1.78  1.02 
BB1A 0.71 0.63 0.60 0.69 0.73 0.56 
BB1 0.42 0.70 0.89 0.76 0.88 0.91 
BB2A 0.26  0.71 1.31 0.99 0.75 
BB2 0.91 0.79 1.12 0.61 0.93 0.67 
BB3 0.93 0.77 0.93 0.70 0.76 0.81 
008   0.64  0.84 0.51 
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BB4 0.72 0.77 0.84 0.71 0.59 0.58 
006   0.83 0.53 0.72 0.78 
BB5 0.66 0.66 0.71 0.68 0.75 0.55 
001   0.91 0.82 1.13 0.78 
BB6 0.70 0.62 0.79 0.86 0.64 0.54 
BB7 0.41 0.64 0.84 0.89 0.90 0.73 
BB8 0.48 0.84 0.91 0.63 0.87 0.55 
BB9 0.59 0.78 0.55 0.92 0.64 0.83 
 
LB1 0.50 0.96 4.15 0.67  0.83 
LB2A 0.63 0.58 0.64 0.51 0.66 0.58 
010+011   0.76  0.68 0.42 
LB2 0.58 0.85 0.67 0.67 0.70 0.52 
LB3 0.84 0.53 0.60 0.59 0.64 0.51 
LB4 0.44 0.45 0.38 0.60 0.59 0.38 
 
 Table A-25. Mean chromium concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, 
and KPDES effluents collected 1997-2005. 
 Chromium Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 27.58  8.48 18.58  17.82 
BB1A 6.08 6.31 6.63 4.26 8.87 6.94 
BB1 6.07 9.56 28.60 7.84 9.20 19.43 
BB2A 5.02  7.24 12.64 11.77 8.73 
BB2 7.33 7.90 22.40 6.73 10.11 11.05 
BB3 18.42 8.19 9.72 7.01 8.93 15.48 
008   6.86  15.26 9.52 
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BB4 6.97 11.93 9.46 14.93 10.34 8.79 
006   11.48 6.78 8.52 11.59 
BB5 8.74 8.81 8.51 5.95 7.65 7.47 
001   57.22 18.16 10.32 10.98 
BB6 9.15 8.78 21.08 7.71 8.49 7.65 
BB7 6.64 9.15 12.11 7.79 12.27 8.65 
BB8 7.65 16.47 14.09 7.70 11.06 9.37 
BB9 8.19 10.42 10.06 9.28 11.96 10.60 
 
LB1 5.44 9.44 23.71 7.18  9.06 
LB2A 93.59 16.96 101.07 32.76 40.08 58.68 
010+011   68.72  14.30 15.25 
LB2 14.50 21.76 53.16 14.76 21.07 32.90 
LB3 24.28 12.93 51.96 15.99 28.04 14.83 
LB4 26.44 47.46 114.37 26.00 41.08 24.03 
 
 Table A-26. Mean copper concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Copper Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 27.27  5.78 6.77  3.55 
BB1A 6.01 4.55 2.59 4.49 4.55 2.60 
BB1 6.01 4.32 4.57 4.36 3.37 3.54 
BB2A 4.96  5.41 7.35 6.36 5.36 
BB2 7.25 5.95 5.44 2.73 7.15 4.49 
BB3 18.22 4.50 3.93 3.74 5.08 4.96 
008   4.52  6.37 3.36 
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BB4 6.89 3.48 3.20 3.76 2.41 2.91 
006   4.11 3.84 5.62 5.17 
BB5 8.64 3.95 3.24 4.17 4.17 3.45 
001   7.54 7.83 14.30 5.95 
BB6 9.05 3.01 7.79 4.61 8.75 3.91 
BB7 6.57 3.68 4.56 4.75 6.91 3.89 
BB8 7.57 6.17 6.49 4.27 7.94 4.24 
BB9 8.10 6.52 3.65 6.53 5.16 7.17 
 
LB1 5.38 6.94 24.37 5.88  5.70 
LB2A 92.55 4.51 5.33 5.08 7.14 7.73 
010+011   9.47  7.60 6.26 
LB2 14.34 5.10 4.23 6.19 6.53 4.79 
LB3 24.01 3.04 3.83 4.38 5.79 4.14 
LB4 26.15 4.63 3.65 6.13 6.83 4.40 
 
 Table A-27. Mean iron concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Iron Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 4895.4  98747.9 19332.1  10941.0 
BB1A 4761.8 6342.8 72603.2 3120.7 11417.0 7439.8 
BB1 1586.0 6354.1 104554.8 4504.0 12516.3 8224.3 
BB2A 899.4  83119.3 12547.8 15587.2 9844.0 
BB2 5349.6 7417.7 141133.9 3919.6 14583.1 8868.1 
BB3 2783.7 7646.4 112456.0 5600.4 12030.5 10984.4 
008   71433.0  12956.5 6729.5 
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BB4 4437.9 7420.1 104504.6 5583.0 9292.2 7119.4 
006   97343.0 5430.2 11036.2 10484.7 
BB5 2259.5 6479.2 80856.2 4340.6 11185.3 7303.9 
001   92351.0 8331.2 18600.6 10732.4 
BB6 3842.9 7083.7 90947.8 5746.4 9629.3 7059.5 
BB7 1265.3 6772.9 96620.1 6450.7 13290.3 8543.1 
BB8 2935.7 8651.7 94163.5 4682.5 13434.6 7179.6 
BB9 4809.0 7185.5 62505.5 7410.1 9526.5 10283.6 
 
LB1 4386.2 9359.5 448703.6 5522.5  8020.0 
LB2A 8195.1 6102.1 70598.1 3572.9 9479.2 7611.9 
010+011   75829.1  9251.2 4172.6 
LB2 4263.5 7801.5 77244.8 4975.3 9545.4 6975.8 
LB3 5256.5 6130.3 68713.3 3943.6 9147.2 6831.3 
LB4 4933.3 4688.2 42624.5 3417.0 6995.6 4252.0 
 
 Table A-28. Mean nickel concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Nickel Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 6.14  5.49 8.67  5.59 
BB1A 4.64 4.95 2.40 4.98 5.07 3.00 
BB1 1.87 4.19 3.41 3.11 4.56 3.63 
BB2A 1.03  4.68 8.25 6.52 5.33 
BB2 5.03 6.27 4.72 2.74 7.53 6.04 
BB3 3.39 5.03 3.52 4.44 5.28 4.90 
008   3.77  5.48 3.80 
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BB4 4.32 3.74 2.99 3.70 2.85 3.33 
006   3.77 3.88 5.60 5.38 
BB5 2.39 4.44 2.75 4.34 4.25 3.60 
001   7.98 6.93 6.70 9.53 
BB6 4.06 3.24 3.54 3.84 3.75 3.51 
BB7 1.48 3.84 3.76 4.42 6.00 4.58 
BB8 2.98 6.06 4.79 3.96 7.57 4.35 
BB9 4.72 6.77 3.35 7.03 5.36 8.14 
 
LB1 5.38 6.75 8.44 5.39  4.68 
LB2A 4.55 4.19 3.40 4.27 5.95 5.09 
010+011   4.68  6.92 5.44 
LB2 3.96 5.60 3.46 5.11 6.48 4.18 
LB3 4.69 3.36 2.93 3.77 4.81 3.81 
LB4 3.44 3.14 2.56 3.79 5.36 3.50 
 
 Table A-29. Mean lead concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Lead Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 9.80  17.22 14.03  6.65 
BB1A 7.79 6.94 13.78 10.20 42.21 7.03 
BB1 4.12 6.77 16.95 10.53 40.59 19.65 
BB2A 2.97  15.53 23.70 48.56 7.81 
BB2 7.18 8.69 23.34 11.37 46.75 8.36 
BB3 6.25 9.52 20.01 14.88 46.58 9.29 
008   15.32  44.47 5.83 
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BB4 7.27 7.53 17.89 13.63 41.69 6.34 
006   18.27 13.87 44.78 8.39 
BB5 5.56 7.86 13.89 13.29 42.02 6.56 
001   17.66 15.77 50.86 5.44 
BB6 6.71 6.66 18.10 15.50 42.08 6.92 
BB7 4.56 6.81 23.50 17.11 64.29 9.59 
BB8 5.58 9.65 18.89 12.65 47.88 6.14 
BB9 5.67 7.87 13.01 16.42 41.89 8.13 
 
LB1 7.92 11.13 16.69 14.60  9.29 
LB2A 7.51 6.47 14.95 12.19 38.11 8.00 
010+011   13.22  39.73 3.24 
LB2 5.80 8.31 15.09 13.85 43.63 6.19 
LB3 9.54 6.01 13.96 12.03 41.83 5.87 
LB4 5.52 6.04 9.93 10.73 35.35 4.95 
 
 Table A-30. Mean zinc concentrations (µg/g wet weight) in floodplain soils from Massac creek, Big and Little Bayou creeks, and 
KPDES effluents collected 1997-2005. 
 Zinc Concentration (µg/g) 
 
Sampling June Mar. Sept. Mar. Oct. Mar. 
Station 2002 2003 2003 2004 2004 2005 
 
MC 15.38  19.37 325.36  14.47 
BB1A 16.40 16.90 8.82 15.00 59.92 9.60 
BB1 5.96 26.34 18.77 18.20 65.57 21.34 
BB2A 3.71  16.80 25.80 72.81 23.11 
BB2 35.02 23.52 18.08 11.46 71.49 21.07 
BB3 9.34 18.02 12.10 18.89 64.32 21.26 
008   15.42  65.40 14.44 
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BB4 15.59 12.91 11.53 14.06 53.85 12.65 
006   14.61 12.96 53.68 19.93 
BB5 8.98 15.64 11.54 15.58 64.34 14.94 
001   36.36 26.09 68.40 20.73 
BB6 14.12 11.89 15.99 15.69 57.55 13.83 
BB7 5.59 15.54 15.09 16.31 65.28 16.58 
BB8 10.95 21.35 26.36 15.53 72.54 17.59 
BB9 16.93 26.44 13.66 27.99 58.37 33.89 
 
LB1 18.89 32.98 45.59 21.16  73.43 
LB2A 37.96 22.99 28.56 32.00 116.04 51.25 
010+011   57.66  95.58 45.36 
LB2 33.74 22.48 22.33 34.61 77.50 26.99 
LB3 27.84 16.22 27.88 46.36 120.55 37.66 
LB4 34.81 25.31 27.31 27.72 191.72 40.11 
 
 Table A-31. Mean silver concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou creek 
and Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. 
 
 Whole body Stoneroller Silver Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC  0.015 0.011 0.024 0.011 0.005 0.096 0.114 0.024 
BB1A  0.022 0.003 0.037 0.015 0.005 0.049 0.037 0.034 
BB1 0.959 0.027 0.018 0.017 0.028 0.007 0.059 0.029 0.031 
BB2  0.026 0.017 0.014 0.021 0.011 0.046 0.022 0.023 
BB3 0.078 0.020 0.004 0.013 0.015 0.010 0.047 0.037 0.040 
BB4 0.039 0.053 0.035 0.022 0.029 0.026 0.055 0.045 0.062 256 BB5 0.321 0.035 0.055 0.031 0.015 0.015 0.077 0.044 0.033 
BB6 0.117 0.040 0.055 0.024 0.018 0.016 0.079 0.029 0.045 
BB7 0.382 0.039 0.080 0.026 0.017 0.012 0.051 0.026 0.041 
BB8 0.099 0.035 0.021 0.013 0.034 0.012 0.090 0.031 0.027 
BB9 1.156  0.014  0.025     
 
LB2 0.034  0.046 0.009 0.008 0.004 0.074 0.036 0.130 
LB3   0.028 0.011  0.005 0.027 0.040 0.112 
LB4 0.120  0.148 0.012 0.022 0.007 0.043 0.031 0.132 
 
 Table A-32. Mean beryllium concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou 
creek and Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. N.D. represent 
not detected. 
 
 Whole body Stoneroller beryllium Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC  0.034 0.070 0.073 0.093 0.009 0.028 0.059 N.D. 
BB1A  0.030 0.113 0.047 0.059 0.016 0.014 0.028 N.D. 
BB1 0.017 0.039 0.050 N.D. 0.080 0.004 0.015 0.014 N.D. 
BB2  0.036 0.067 0.032 0.093 0.012 0.016 0.015 N.D. 
BB3 0.079 0.022 0.096 0.029 0.070 0.013 0.019 0.008 N.D. 
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BB4 0.042 0.035 0.043 0.025 0.058 0.003 0.016 0.013 N.D. 
BB5 0.044 0.035 0.063 0.033 0.082 0.010 0.019 0.013 N.D. 
BB6 0.051 0.053 0.082 0.028 0.061 0.005 0.035 0.012 N.D. 
BB7 0.151 0.040 0.066 0.030 0.083 0.013 0.011 0.009 N.D. 
BB8 0.107 0.040 0.066 0.021 0.083 0.009 0.038 0.013 N.D. 
BB9 0.035  0.067  0.080     
          
LB2 0.029  0.066 0.026 0.144 0.008 0.025 0.033 N.D. 
LB3   0.117 0.020  0.005 0.019 0.042 N.D. 
LB4 0.047  0.060 0.029 0.142 0.012 0.017 0.019 N.D. 
 
 
 Table A-33. Mean cadmium concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou creek 
and Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. N.D. represent not 
detected. 
  
 Whole body Stoneroller Cadmium Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC  0.130 0.055 0.054 0.057 0.049 0.152 0.102 0.028 
BB1A  0.037 0.028 0.368 0.065 0.056 0.072 0.060 N.D. 
BB1 0.193 0.088 0.060 0.028 0.077 0.016 0.077 0.032 0.019 
BB2  0.114 0.022 0.029 0.092 0.047 0.082 0.032 N.D. 
BB3 0.244 0.071 0.018 0.017 0.058 0.050 0.079 0.012 0.030 258 BB4 0.231 0.059 0.041 0.022 0.024 0.028 0.080 0.034 0.024 
BB5 0.244 0.032 0.032 0.035 0.057 0.058 0.096 0.042 0.020 
BB6 0.169 0.240 0.033 0.042 0.031 0.034 0.194 0.030 0.022 
BB7 0.240 0.171 0.034 0.106 0.028 0.047 0.070 0.020 0.033 
BB8 0.251 0.106 0.031 0.034 0.069 0.047 0.153 0.037 N.D. 
BB9 0.136  0.032  0.196     
          
LB2 0.153  0.029 0.013 0.064 0.052 0.128 0.048 0.163 
LB3   0.039 0.012  0.027 0.056 0.055 0.165 
LB4 0.156  0.030 0.018 0.045 0.808 0.053 0.032 0.190 
 
 
 
 Table A-34. Mean chromium concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou 
creek and Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. 
 
 Whole body Stoneroller Chromium Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC  0.367 0.598 0.053 0.342 0.211 0.390 0.233 0.059 
BB1A  0.175 0.316 0.204 0.380 0.098 0.297 0.267 0.055 
BB1 0.222 0.164 0.299 0.008 0.375 0.164 0.314 0.187 0.158 
BB2  0.195 0.185 0.024 0.561 0.190 0.255 0.150 0.110 
BB3 0.371 0.362 0.363 0.041 0.247 0.222 0.414 0.053 0.113 
BB4 0.272 0.205 0.147 0.038 0.158 0.051 0.319 0.132 0.147 259 BB5 0.147 0.431 1.015 0.032 0.420 0.331 0.280 0.246 0.071 
BB6 0.662 0.252 1.065 0.029 0.311 0.200 0.589 0.202 0.160 
BB7 1.118 0.352 0.936 0.065 0.271 0.073 0.154 0.095 0.270 
BB8 1.225 0.195 0.331 0.025 0.447 0.258 0.729 0.197 0.157 
BB9 0.358  0.259  0.952     
          
LB2 0.144  1.526 0.044 0.474 0.295 0.895 0.304 2.411 
LB3   0.385 0.077  0.288 0.595 0.270 3.371 
LB4 0.705  0.931 0.039 1.319 0.199 0.788 0.417 2.521 
 
 
 
 Table A-35. Mean copper concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou creek 
and Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. 
 
 Whole body Stoneroller Copper Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC  1.548 0.777 1.211 0.660 0.456 0.613 0.709 0.770 
BB1A  1.353 1.303 0.439 0.704 0.196 0.763 0.591 0.588 
BB1 0.601 1.043 2.635 0.672 0.609 0.258 0.550 0.780 1.089 
BB2  0.796 0.964 1.235 0.828 0.778 0.450 0.619 0.591 
BB3 1.450 2.733 2.652 1.281 0.659 0.234 1.075 1.025 1.585 
BB4 3.666 3.214 2.153 5.694 1.695 2.364 1.390 1.307 4.089 260 BB5 2.680 3.273 3.316 1.563 2.258 1.816 1.371 1.422 2.675 
BB6 2.641 2.073 2.547 5.287 1.779 1.903 1.186 1.346 3.946 
BB7 3.394 2.201 2.716 3.176 1.575 2.623 0.925 1.215 2.603 
BB8 4.519 1.343 3.748 2.144 2.003 0.686 0.876 1.082 1.643 
BB9 2.625  1.752  1.681     
          
LB2 0.784  2.173 1.620 1.654 1.083 1.479 0.961 13.966 
LB3   1.478 2.296  0.233 0.822 0.844 7.067 
LB4 1.384  1.467 1.105 0.688 0.437 0.595 0.706 4.829 
 
 
 
 Table A-36. Mean iron concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou creek and 
Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. 
 
 Whole body Stoneroller Iron Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC   462.25 979.95 149.74 232.56 397.90 191.54 57.20 
BB1A   887.07 448.87 109.19 287.23 277.55 354.95 59.26 
BB1   400.42 294.89 163.11 89.06 248.60 219.99 81.48 
BB2   471.85 782.77 182.87 274.61 265.02 194.28 87.12 
BB3   1019.29 639.95 88.29 364.49 367.09 38.92 253.58 
BB4   49.42 527.91 34.43 60.64 233.47 111.59 59.30 261 BB5   482.27 399.12 128.47 289.52 250.53 313.99 45.68 
BB6   492.25 944.49 39.44 101.82 399.28 178.02 78.18 
BB7   532.96 603.98 28.20 192.80 64.73 70.20 84.10 
BB8   391.20 513.43 906.08 174.07 465.76 109.38 104.21 
BB9   296.00  121.76     
          
LB2   248.37 675.98 30.69 148.23 268.22 93.82 54.73 
LB3   191.19 906.15  114.47 243.19 70.00 39.53 
LB4   159.22 295.22 69.67 215.82 177.89 148.57 74.54 
 
 
 
 Table A-37. Mean nickel concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou creek 
and Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. 
 
 Whole body Stoneroller Nickel Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC  0.337 2.544 2.340 0.518 0.175 0.458 0.436 0.091 
BB1A  0.797 1.933 2.775 0.351 0.396 0.339 0.342 0.116 
BB1 0.837 0.915 1.953 0.315 0.480 0.155 0.365 0.243 0.228 
BB2  1.154 2.107 2.035 0.647 0.326 0.267 0.182 0.177 
BB3 0.996 0.200 2.892 1.801 0.233 0.291 0.313 0.066 0.258 
BB4 1.419 0.991 0.706 1.114 0.147 0.106 0.279 0.164 0.291 262 BB5 0.924 1.060 1.333 2.352 0.354 0.377 0.335 0.250 0.098 
BB6 1.013 1.485 1.552 0.922 0.395 0.200 0.589 0.194 0.224 
BB7 1.323 0.860 1.432 1.617 0.315 0.359 0.148 0.112 0.315 
BB8 1.866 1.124 2.937 1.050 0.535 0.206 0.573 0.193 0.232 
BB9 1.327  3.309  0.817     
          
LB2 0.648  1.368 1.270 0.105 0.276 0.473 0.180 1.441 
LB3   1.450 2.141  0.183 0.200 0.229 1.028 
LB4 0.767  1.181 1.539 0.298 0.338 0.198 0.138 1.031 
 
 
 
 Table A-38. Mean lead concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou creek and 
Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. 
 
 Whole body Stoneroller Lead Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC  0.379 0.975 0.791 0.454 0.147 0.458 0.303 0.075 
BB1A  0.176 1.392 0.759 0.351 0.166 0.229 0.235 0.047 
BB1 0.058 0.254 0.409 0.601 0.338 0.061 0.212 0.071 0.069 
BB2  0.185 1.306 1.172 0.696 0.199 0.231 0.104 0.123 
BB3 0.088 0.368 1.383 0.974 0.346 0.285 0.350 0.027 0.160 
BB4 0.098 0.245 0.072 1.055 0.192 0.035 0.255 0.129 0.062 263 BB5 0.082 0.401 0.603 0.666 0.451 0.278 0.203 0.119 0.053 
BB6 0.317 0.316 0.610 0.921 0.426 0.077 0.402 0.082 0.088 
BB7 0.115 0.389 0.631 0.746 0.241 0.180 0.127 0.049 0.101 
BB8 0.111 0.296 1.107 0.830 0.565 0.147 0.565 0.081 0.157 
BB9 0.075  0.820  1.474     
          
LB2 0.078  0.346 1.026 0.041 0.110 0.378 0.070 0.682 
LB3   0.259 0.814  0.099 0.198 0.083 0.777 
LB4 0.078  0.295 0.594 0.223 0.157 0.216 0.067 0.738 
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Table A-39. Mean zinc concentrations (µg/g wet tissue) in whole body stoneroller minnows from Massac creek, Big Bayou creek and 
Little Bayou creek collected 1997 through 2005. Stoneroller minnows not found are represented as blanks. 
 
 Whole body Stoneroller Zinc Concentrations (µg/g) 
 
Sampling Sept. Mar. Mar. Aug. June Mar. Sept. Mar. Mar. 
Station 1997 2000 2001 2001 2002 2003 2003 2004 2005 
 
MC  37.09 37.44 17.32 20.91 22.51 22.22 32.31 18.56 
BB1A  34.69 34.01 18.64 28.22 25.64 23.11 26.79 25.14 
BB1 21.84 30.93 30.99 37.50 25.54 21.68 20.52 18.39 18.41 
BB2  30.04 25.93 26.63 37.69 23.35 17.91 19.55 19.94 
BB3 31.42 41.02 39.61 16.87 37.46 22.69 24.30 17.72 24.71 
BB4 36.64 38.50 29.27 12.66 30.55 15.19 20.29 22.41 29.77 
BB5 34.36 46.39 36.76 8.68 28.80 24.64 23.61 18.17 17.59 
BB6 32.62 22.81 35.24 8.86 41.10 18.93 14.99 18.70 20.32 
BB7 40.72 25.40 29.53 13.24 29.02 18.75 12.35 18.53 24.77 
BB8 41.50 22.88 41.15 21.47 41.37 17.84 20.06 19.01 21.65 
BB9 25.36  31.89  34.86     
          
LB2 13.72  32.75 20.76 24.66 16.81 19.34 17.02 29.66 
LB3   20.35 29.55  21.43 12.25 19.96 21.78 
LB4 21.32  23.00 22.60 19.49 22.04 14.42 15.99 28.91 
 
 
 Table A-40. Average Aroclor 1248 concentrations (µg/Kg wet weight) in sediments and floodplain soils from Big and Little Bayou 
creeks collected February 2001 through March 2005. 
 
 
 Sediment Aroclor 1248 Conc. (µg/Kg) Floodplain soil Aroclor 1248 Conc. (µg/Kg) 
 
 Feb. Mar. Mar. Mar.  Aug. June Sept. Mar. Mar. Mar. June Sept.  
Station 2001 2003 2004 2005 2001 2002 2003 2003 2004 2005 2002 2003 
 
MC 7.50 N.D. N.D. N.D. N.D. N.D. N.D. --- N.D. N.D. N.D. N.D. 
BB1A 2.93 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 N.D.a N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB2 4.43 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB3 6.72 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 6.18 265 BB4 5.22 5.49 4.16 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB5 8.85 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB6 8.97 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB7 6.91 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB8 6.12 7.04 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB9 4.69 N.D. N.D. 4.705 N.D. N.D. N.D. N.D. N.D. N.D. 18.50 N.D. 
 
LB2 44.79 41.21 96.78 105.97 76.38 N.D. N.D. 125.85 N.D. 216.57 N.D. 335.25 
LB3 49.09 94.95 20.21 149.18 81.54 N.D. N.D. 41.99 73.85 112.29 N.D. N.D. 
LB4 20.60 9.12 12.85 40.88 N.D. N.D. N.D. N.D. N.D. 26.27 62.72 N.D. 
 
a N.D. indicates not detected. 
 
 Table A-41. Average Aroclor 1254 concentrations (µg/Kg wet weight) in sediments and floodplain soils from Big and Little Bayou 
creeks collected February 2001 through March 2005. 
 
 
 Sediment Aroclor 1254 Conc. (µg/Kg) Floodplain soil Aroclor 1254 Conc. (µg/Kg) 
 
 Feb. Mar. Mar. Mar.  Aug. June Sept. Mar. Mar. Mar. June Sept.  
Station 2001 2003 2004 2005 2001 2002 2003 2003 2004 2005 2002 2003 
 
MC N.D.a N.D. N.D. N.D. N.D. N.D. N.D. --- N.D. N.D. N.D. N.D. 
BB1A N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 2.44 11.53 14.71 N.D. 5.01 
BB2 N.D. N.D. N.D. N.D. N.D. 0.58 N.D. N.D. N.D. N.D. N.D. N.D. 
BB3 2.99 N.D. 4.54 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 4.70 N.D. 266 BB4 2.06 2.55 N.D. 2.11 N.D. 0.25 N.D. 14.76 7.12 N.D. 17.16 4.38 
BB5 3.95 7.92 N.D. 2.50 N.D. 0.85 N.D. 12.59 N.D. 21.99 5.45 N.D. 
BB6 6.35 N.D. 4.93 7.81 N.D. 3.20 N.D. 7.43 15.63 14.50 23.28 88.86 
BB7 2.93 6.13 4.53 4.04 2.20 6.76 8.22 8.50 N.D. 10.39 5.17 5.31 
BB8 3.25 N.D. N.D. 1.87 2.98 0.94 N.D. 8.29 28.67 9.46 12.32 7.98 
BB9 N.D. N.D. N.D. 4.15 N.D. 1.91 N.D. 8.19 6.33 13.06 14.86 7.53 
 
LB2 2.05 17.34 N.D. N.D. 101.19 2.96 30.69 93.86 58.91 187.52 127.19 193.76 
LB3 N.D. 43.08 8.88 N.D. 88.36 2.92 7.96 33.70 N.D. 26.16 123.45 50.53 
LB4 N.D. 4.53 4.51 14.20 6.86 2.23 N.D. 21.36 15.49 14.04 40.99 28.26 
 
a N.D. indicates not detected. 
 
 
 Table A-42. Average Aroclor 1260 concentrations (µg/Kg wet weight) in sediments and floodplain soils from Big and Little Bayou 
creeks collected February 2001 through March 2005. 
 
 
 Sediment Aroclor 1260 Conc. (µg/Kg) Floodplain soil Aroclor 1260 Conc. (µg/Kg) 
 
 Feb. Mar. Mar. Mar.  Aug. June Sept. Mar. Mar. Mar. June Sept.  
Station 2001 2003 2004 2005 2001 2002 2003 2003 2004 2005 2002 2003 
 
MC N.D.a N.D. N.D. N.D. N.D. N.D. N.D. --- N.D. N.D. N.D. N.D. 
BB1A N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 5.44 10.83 9.47 N.D. 5.12 
BB2 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 4.23 N.D. N.D. N.D. N.D. 
BB3 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 2.10 8.70 14.79 2.18 N.D. 267 BB4 4.18 1.85 N.D. 3.01 N.D. 0.88 N.D. 10.48 5.09 15.44 11.14 6.39 
BB5 7.23 23.23 N.D. 3.30 N.D. 1.13 N.D. 8.22 5.10 5.16 3.26 4.75 
BB6 11.35 2.18 N.D. 4.76 N.D. 5.54 N.D. 4.44 6.31 4.20 40.16 28.00 
BB7 5.11 1.65 N.D. 4.48 1.15 1.13 8.82 7.69 4.71 7.17 2.54 7.58 
BB8 8.74 2.99 N.D. 2.34 15.70 4.06 N.D. 18.07 10.47 14.21 11.49 10.62 
BB9 N.D. N.D. 4.92 3.10 N.D. 3.15 N.D. 6.18 7.46 6.57 9.37 7.45 
 
LB2 8.60 17.52 13.95 38.94 N.D. 4.19 32.80 63.15 78.70 141.87 127.05 612.96 
LB3 9.30 27.97 7.31 28.05 40.16 2.34 9.29 25.81 25.70 38.51 108.06 50.01 
LB4 8.73 4.70 5.74 10.11 3.22 1.69 N.D. 21.24 9.82 25.00 43.03 28.26 
 
a N.D. indicates not detected. 
 
 Table A-43. Average Aroclor concentrations (µg/g wet tissue) in whole-body stoneroller minnows collected during the spring from 
Massac creek (MC), Big Bayou creek (BB), and Little Bayou creek (LB). Samples with N.D. indicate not detected and N.F. indicate 
stonerollers not found. 
 
 
 3/14/2001 3/27/2003 3/17/2004 3/22/2005 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC 0.015 N.D.a N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1A 0.242 0.452 0.268 0.044 N.D. 0.045 N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 0.028 N.D. 0.019 0.323 0.394 0.264 0.192 0.108 0.093 0.167 0.277 0.122 
BB2 0.035 N.D. 0.039 0.077 N.D. 0.022 0.073 0.283 0.199 0.140 0.199 0.305 268 BB3 0.064 N.D. 0.059 0.636 0.364 0.378 0.289 0.366 0.290 0.123 0.175 0.110 
BB4 0.257 0.339 0.250 0.585 0.427 0.480 0.211 0.174 0.246 0.144 0.134 0.204 
BB5 0.266 0.344 0.192 0.327 0.232 0.237 0.221 0.235 0.174 0.223 0.191 0.258 
BB6 0.130 0.188 0.177 0.461 0.294 0.363 0.155 0.280 0.222 0.172 0.185 0.152 
BB7 0.130 0.217 0.186 0.345 0.186 0.229 0.342 0.321 0.180 0.234 0.128 0.161 
BB8 0.165 0.359 0.155 0.287 0.184 0.183 0.206 0.205 0.150 0.278 0.113 0.124 
BB9 0.107 0.182 0.079 N.F. N.F. N.F. N.F. N.F. N.F. N.F. N.F. N.F. 
 
LB2 0.698 0.673 0.772 2.270 2.016 2.795 1.022 1.386 1.691 1.103 0.887 1.360 
LB3 N.F. N.F. N.F. 1.037 0.758 1.004 0.784 0.611 0.590 1.133 0.593 0.651 
LB4 0.076 0.041 0.028 0.903 0.488 0.578 0.805 0.348 0.442 0.441 0.206 0.211 
 
a N.D. indicates not detected. N.F. indicates stoneroller minnows not found. 
 
 Table A-44. Average Aroclor concentrations (µg/g wet tissue) in whole-body stoneroller minnows collected during the summer from 
Massac creek (MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 8/14/2001 6/4/2002 9/9/2003 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC N.D.a N.D. N.D. N.D. N.D. N.D. 0.295 N.D. N.D. 
BB1A 0.062 0.056 0.014 0.181 N.D. N.D. 0.059 N.D. N.D. 
BB1 0.141 N.D. N.D. 0.141 0.105 0.026 0.086 N.D. N.D. 
BB2 N.F. N.F. N.F. 0.194 N.D. 0.013 0.081 N.D. N.D. 
BB3 0.844 0.467 0.370 0.810 N.D. 0.180 0.490 N.D. 0.179 
BB4 0.885 0.551 0.362 0.905 N.D. 0.314 0.935 0.467 0.397 269 BB5 0.856 0.674 0.550 0.778 0.250 0.244 0.727 0.353 0.258 
BB6 0.585 1.764 0.254 1.384 N.D. 0.383 0.503 0.252 0.235 
BB7 1.377 0.888 0.665 1.470 N.D. 0.341 0.860 0.504 0.399 
BB8 0.717 0.491 0.285 1.903 N.D. N.D. 0.562 0.222 0.226 
BB9 N.F. N.F. N.F. 1.945 N.D. N.D. N.F. N.F. N.F. 
 
LB2 3.968 3.654 2.800 3.298 N.D. 0.889 4.811 2.920 2.718 
LB3 2.755 1.484 1.075 2.570 N.D. 0.564 2.472 0.944 0.843 
LB4 1.597 1.169 0.738 1.454 0.414 0.515 1.573 0.531 0.512 
 
a N.D. indicates not detected. N.F. indicates stoneroller minnows not found. 
 
 Table A-45. Average Aroclor concentrations (µg/g wet tissue) in bluegill fillets collected 1988-2005 from Massac Creek (MC), Big 
Bayou creek (BB), and Little Bayou creek (LB). 
 
 Dec. 1988 Mar. 1989 July 1989 Jan. 1991 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC             
BB1A             
BB1 N.D.a N.D. 0.300 N.D. 0.420 0.640       
BB2       0.220 0.220 0.280    
BB3       N.D. 0.135 0.157    
BB4 N.D. 0.440 0.200          270 BB5       N.D. 0.100 0.250    
BB6       0.225 0.200 0.075 N.D. 0.150 N.D. 
BB7             
BB8    0.155 0.135 0.070       
BB9    N.D. N.D. N.D.       
 
LB2 1.990 1.643 0.465          
LB2A 2.953 5.690 1.083    1.500 1.240 0.270 N.D. 0.790 0.520 
LB3 1.970 1.570 0.530 0.480 0.490 0.210       
LB4             
 
a N.D. indicates not detected. 
 
 Table A-45, continued. Average Aroclor concentrations (µg/g wet tissue) in bluegill fillets collected 1988-2005 from Massac Creek 
(MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 July 1991 Sept. 1997 July 2000 Mar. 2001 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC             
BB1A             
BB1 N.D.a 0.045 0.020       0.070 N.D. N.D. 
BB2             
BB3             
BB4 N.D. 0.065 N.D.          
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BB5 N.D. 0.360 0.135          
BB6 N.D. 0.220 N.D.          
BB7             
BB8          N.D. N.D. N.D. 
BB9             
 
LB2 0.983 0.588 0.294 0.486 0.189 0.097       
LB2A    0.229 0.157 0.084       
LB3    0.306 0.179 0.087 N.D. N.D. N.D.    
LB4    N.D. N.D. N.D.       
 
a N.D. indicates not detected. 
 
 Table A-45, continued. Average Aroclor concentrations (µg/g wet tissue) in bluegill fillets collected 1988-2005 from Massac Creek 
(MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 Aug. 2001 Jun. 2002 Mar. 2003 Sept. 2003 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC             
BB1A             
BB1 0.163 N.D. 0.117    N.D. 0.224 0.200    
BB2 0.182 0.106 N.D.       N.D. N.D. N.D. 
BB3 N.D.a N.D. N.D. 0.422 0.352 0.133    0.074 0.055 0.025 
BB4 0.237 N.D. N.D.       0.094 0.088 0.079 
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BB5 0.128 0.181 0.121 N.D. 0.032 0.012    0.132 0.103 0.052 
BB6 0.175 0.096 0.064    N.D. 0.087 0.081 0.070 0.048 0.039 
BB7 0.176 N.D. N.D.          
BB8 0.132 N.D. 0.045 N.D. 0.150 0.062    0.045 N.D. N.D. 
BB9    0.037 0.096 0.025       
 
LB2 N.D. N.D. N.D.       0.348 0.253 0.349 
LB2A             
LB3 N.D. N.D. N.D.          
LB4 N.D. N.D. N.D.       0.677 0.662 N.D. 
 
a N.D. indicates not detected. 
 
  
Table A-45, continued. Average Aroclor concentrations (µg/g wet tissue) in bluegill fillets collected 1988-2005 from Massac Creek 
(MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 Mar. 2004 Mar. 2005 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 
 
MC             
MC N.D.a N.D. N.D.    
BB1A       
BB1       
BB2       
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BB3       
BB4 N.D. N.D. N.D.    
BB5 0.018 0.021 0.022    
BB6       
BB7       
BB8 N.D. N.D. N.D.    
BB9 N.D. N.D. N.D.    
 
LB2 N.D. 0.292 0.336    
LB2A       
LB3       
LB4    N.D. 0.074 0.108 
 
a N.D. indicates not detected. 
 
 Table A-46. Average Aroclor concentrations (µg/g wet tissue) in green sunfish fillets collected 1988-2005 from Massac Creek (MC), 
Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 Dec. 1988 Mar. 1989 July 1989 Jan. 1991 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC             
BB1A             
BB1 N.D.a 0.210 0.160 0.183 0.146 0.125    N.D. 1.093 1.080 
BB2    N.D. 0.080 N.D. N.D. 0.117 0.100    
BB3    N.D. 0.335 0.150 N.D. 0.065 0.050    
BB4 2.240 0.657 0.362 N.D. 0.110 0.120    N.D. 0.293 0.130 274 BB5    N.D. 0.258 0.172       
BB6 0.900 1.053 0.715 0.787 0.640 0.444    N.D. 0.326 0.182 
BB7 N.D. 1.250 0.610 0.325 0.448 0.220       
BB8    N.D. 0.150 0.070       
BB9             
 
LB2 2.423 2.173 0.568 2.390 2.635 0.868    N.D. 1.358 0.963 
LB2A 2.425 0.470 1.320          
LB3 1.645 0.980 0.585 1.345 1.453 0.383    N.D. 0.358 0.209 
LB4 N.D. 0.480 0.580 N.D. 0.298 0.348    N.D. 0.194 0.365 
             
a N.D. indicates not detected. 
 
 
 Table A-46, continued. Average Aroclor concentrations (µg/g wet tissue) in green sunfish fillets collected 1988-2005 from Massac 
Creek (MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 July 1991 Sept. 1997 July 2000 Mar. 2001 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC          N.D. N.D. N.D. 
BB1A             
BB1 N.D.a N.D. N.D.          
BB2             
BB3          0.044 N.D. N.D. 
BB4 N.D. 0.097 0.078          
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BB5             
BB6 N.D. 0.092 0.030       0.130 0.078 0.049 
BB7 N.D. 0.165 0.105       0.081 0.049 N.D. 
BB8          0.058 N.D. N.D. 
BB9          0.092 0.066 0.042 
 
LB2 1.755 1.090 0.545 N.D. 0.156 0.195 N.D. 0.764 0.801    
LB2A    N.D. 0.225 0.103       
LB3 0.623 0.380 0.158 N.D. 0.119 0.092 N.D. N.D. N.D.    
LB4 N.D. 0.209 N.D. 0.108 0.086 0.037 N.D. N.D. N.D.    
     
a N.D. indicates not detected. 
 
 
  
Table A-46, continued. Average Aroclor concentrations (µg/g wet tissue) in green sunfish fillets collected 1988-2005 from Massac 
Creek (MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 Aug. 2001 Jun. 2002 Mar. 2003 Sept. 2003 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC N.D.a N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1A N.D. N.D. N.D.    N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 N.D. N.D. N.D. N.D. 0.056 0.024 N.D. 0.368 0.295 0.050 0.058 0.055 
BB2 0.633 0.631 0.175 N.D. N.D. N.D. N.D. 0.183 0.128 0.461 0.324 N.D. 
BB3 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.110 0.110 0.054 N.D. N.D. 
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BB4 0.140 N.D. N.D. N.D. N.D. N.D. 0.149 0.079 0.062 0.055 0.028 N.D. 
BB5 0.317 N.D. N.D. 0.109 0.070 0.021 N.D. 0.243 0.269 N.D. N.D. N.D. 
BB6 0.105 N.D. N.D. 0.109 0.067 0.023 N.D. 0.288 0.221 N.D. N.D. 0.162 
BB7 0.117 N.D. N.D. N.D. 0.096 0.034 N.D. 0.178 0.152 0.085 N.D. N.D. 
BB8    N.D. 0.297 0.139 N.D. 0.032 0.036 N.D. N.D. N.D. 
BB9    0.205 0.216 0.085 N.D. <0.209 0.057 N.D. N.D. N.D. 
 
LB2 N.D. N.D. N.D.    N.D. 0.492 0.539 0.148 0.135 0.091 
LB2A             
LB3 N.D. N.D. N.D. 0.219 0.172 0.060 0.366 0.297 0.165 0.271 0.230 0.073 
LB4 0.104 N.D. N.D. N.D. 0.211 0.101 N.D. 0.219 0.199 0.126 0.098 0.029 
 
a N.D. indicates not detected. 
 
  
Table A-46, continued. Average Aroclor concentrations (µg/g wet tissue) in green sunfish fillets collected 1988-2005 from Massac 
Creek (MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 Mar. 2004 Mar. 2005 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 
 
MC N.D.a N.D. N.D. N.D. N.D. N.D. 
BB1A N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 0.104 0.064 0.056 N.D. 0.977 0.635 
BB2 N.D. N.D. N.D. N.D. N.D. 0.185 
BB3    N.D. 0.145 0.121 
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BB4    N.D. 0.153 0.134 
BB5    0.145 N.D. N.D. 
BB6 0.175 0.096 0.104 N.D. N.D. N.D. 
BB7 N.D. 0.445 0.720 N.D. 0.067 0.039 
BB8       
BB9       
 
LB2 0.618 0.427 0.369 0.162 0.164 0.160 
LB2A       
LB3 0.501 0.367 0.352 0.159 0.126 0.139 
LB4 0.158 0.084 0.066 0.126 0.099 0.147 
 
a N.D. indicates not detected. 
 
 
 Table A-47. Average Aroclor concentrations (µg/g wet tissue) in longear sunfish fillets collected 1988-2005 from Massac Creek 
(MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 Dec. 1988 Mar. 1989 July 1989 Jan. 1991 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC             
BB1A             
BB1 0.590 0.608 0.270 N.D. 0.290 0.217    N.D. 0.200 N.D. 
BB2    N.D. 0.380 0.140 N.D. 0.137 0.220    
BB3    0.380 0.093 0.170 N.D. 0.070 0.185    
BB4 N.D.a 0.313 0.223 N.D. 0.460 0.295    N.D. 0.355 0.150 278 BB5    N.D. 0.410 0.518 N.D. 0.280 0.240 N.D. 0.460 0.160 
BB6 N.D. 0.730 0.370 1.020 0.850 0.265 1.180 0.715 0.435 N.D. 0.450 N.D. 
BB7 0.493 0.433 0.202 0.577 0.658 0.288    N.D. 0.242 0.101 
BB8    0.227 0.217 0.218       
BB9    N.D. 0.100 N.D. N.D. 0.113 0.095    
 
LB2 2.443 1.320 0.363 2.223 4.308 1.735    N.D. 1.940 2.015 
LB2A 0.530 10.100 2.007    3.100 2.297 0.857 N.D. 1.705 1.195 
LB3 0.410 4.270 1.390 1.010 1.230 0.327    N.D. 0.558 0.490 
LB4 N.D. N.D. 0.440 N.D. 0.255 0.283    N.D. 0.308 0.155 
 
a N.D. indicates not detected. 
             
 
 
 Table A-47, continued. Average Aroclor concentrations (µg/g wet tissue) in longear sunfish fillets collected 1988-2005 from Massac 
Creek (MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 July 1991 Sept. 1997 July 2000 Mar. 2001 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC          0.052 N.D. N.D. 
BB1A          0.039 N.D. N.D. 
BB1 N.D.a 0.052 N.D.       N.D. N.D. N.D. 
BB2             
BB3          0.047 N.D. N.D. 
BB4 N.D. 0.090 N.D.       0.050 0.033 N.D. 
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BB5 N.D. 0.188 0.145       0.038 0.018 N.D. 
BB6 N.D. 0.208 0.096       0.053 N.D. 0.018 
BB7 N.D. 0.192 0.092       0.043 0.018 0.015 
BB8          0.077 N.D. 0.024 
BB9 1.877 0.556 0.681          
 
LB2    1.302 0.376 0.395 N.D. 0.199 0.133    
LB2A 0.745 0.540 0.218 0.568 0.203 0.135       
LB3 N.D. 0.235 0.410 0.444 0.138 0.080 N.D. 0.273 0.204    
LB4    N.D. 0.067 0.024       
 
a N.D. indicates not detected. 
 
  
Table A-47, continued. Average Aroclor concentrations (µg/g wet tissue) in longear sunfish fillets collected 1988-2005 from Massac 
Creek (MC), Big Bayou creek (BB), and Little Bayou creek (LB). 
 
 Aug. 2001 Jun. 2002 Mar. 2003 Sept. 2003 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 1248 1254 1260 1248 1254 1260 
 
MC N.D.a N.D. N.D.    N.D. N.D. N.D. N.D. N.D. N.D. 
BB1A N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 N.D. N.D. N.D.       N.D. N.D. N.D. 
BB2 N.D. N.D. N.D.    0.095 0.067 0.044 N.D. N.D. N.D. 
BB3 N.D. N.D. N.D. 0.117 0.070 0.026 N.D. 0.075 0.055 N.D. N.D. N.D. 
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BB4 N.D. N.D. N.D. 0.056 0.059 0.028 N.D. 0.105 0.082 0.122 0.094 0.088 
BB5 0.160 N.D. N.D. N.D. 0.042 0.030 0.134 0.103 0.062 N.D. 0.147 0.105 
BB6 0.107 N.D. N.D.    0.115 0.097 0.081 0.047 N.D. N.D. 
BB7 0.108 0.072 0.095 N.D. 0.084 0.036 0.159 0.103 0.084 0.392 0.305 0.108 
BB8 0.077 0.035 N.D.    N.D. 0.035 0.026 0.067 N.D. 0.048 
BB9    N.D. 0.027 0.010 N.D. 0.068 0.052    
 
LB2 0.103 N.D. N.D. 0.281 0.108 0.069 0.637 0.480 0.537 0.281 0.227 0.124 
LB2A             
LB3    0.346 0.226 0.087 0.615 0.326 0.238 0.274 0.212 0.109 
LB4 0.230 0.199 0.121    N.D. 0.157 0.126 N.D. 0.092 0.133 
 
a N.D. indicates not detected. 
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Table A-47, continued. Average Aroclor concentrations (µg/g wet tissue) in longear sunfish fillets collected 1988-2005 from Massac 
Creek (MC), Big Bayou creek (BB), and Little Bayou creek (LB).  
 
 Mar. 2004 Mar. 2005 
 Aroclor Conc. (µg/g) Aroclor Conc. (µg/g) 
 
Station 1248 1254 1260 1248 1254 1260 
 
MC N.D. a N.D. N.D. N.D. N.D. N.D. 
BB1A N.D. N.D. N.D. N.D. N.D. N.D. 
BB1 0.283 N.D. N.D. N.D. N.D. N.D. 
BB2       
BB3 0.124 0.072 0.059 N.D. 0.124 0.091 
BB4 0.109 0.071 0.052 N.D. 0.211 0.141 
BB5 0.076 0.073 0.065 N.D. 0.218 0.161 
BB6 0.171 0.099 0.089 0.221 0.281 0.172 
BB7 N.D. 0.106 0.097 N.D. 0.189 0.112 
BB8 N.D. 0.045 0.054 N.D. 0.049 0.044 
BB9 N.D. N.D. N.D.    
 
LB2 N.D. 0.237 0.298 0.178 0.187 0.308 
LB2A       
LB3 0.762 0.330 0.284 0.118 0.110 0.157 
LB4 0.175 0.225 0.094 0.085 N.D. 0.076 
a N.D. indicates not detected. 
 Table A-48. Congener concentrations (Mean ± SEM, µg/Kg wet weight) in sediments and floodplain soils from upstream stations 
(MC, BB1A, BB1, and BB2), effluent receiving zone stations (BB3-BB9), and Little Bayou creek stations (LB2-LB4) for all dates 
combined.  
 Sediment Floodplain soils   
   
 BB1A-BB2 BB3-BB9 LBC BB1A-BB2 BB3-BB9 LBC  
 n a Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM 
 
22 6 0.130 0.022 47 0.124 0.012 47 0.318 0.046 7 0.303 0.095 28 0.410 0.132 20 0.274 0.043 
40 4 0.048 0.007 12 0.073 0.014 33 0.196 0.040 2 0.280 0.078 10 0.470 0.290 19 0.152 0.034 
49 5 0.194 0.040 7 0.248 0.085 41 1.110 0.151 4 0.444 0.123 15 0.465 0.146 28 1.091 0.149 
83 13 0.039 0.010 50 0.032 0.008 41 0.107 0.015 11 0.108 0.029 38 0.084 0.013 33 0.248 0.058 
85 3 0.045 0.021 28 0.038 0.005 50 0.269 0.035 7 0.094 0.021 29 0.128 0.035 32 0.844 0.143 
97 8 0.043 0.009 32 0.043 0.005 53 0.273 0.034 6 0.054 0.010 22 0.168 0.055 31 0.593 0.141 
 
282 99 3 0.059 0.006 29 0.089 0.011 55 0.593 0.082 7 0.145 0.029 30 0.289 0.097 31 1.595 0.322 
141 0 N.D. --- 10 0.187 0.054 28 0.328 0.053 4 0.270 0.075 14 0.202 0.063 27 1.231 0.504 
146 14 0.020 0.002 80 0.061 0.015 67 0.240 0.031 11 0.066 0.013 40 0.184 0.044 32 1.162 0.454 
153 6 0.011 0.001 57 0.023 0.003 53 0.159 0.025 7 0.037 0.011 36 0.058 0.012 32 0.696 0.204 
172 0 N.D. --- 24 0.045 0.010 37 0.096 0.014 7 0.051 0.009 35 0.067 0.011 33 0.409 0.157 
174 0 N.D. --- 8 0.322 0.127 29 0.525 0.081 2 0.175 0.016 17 0.282 0.043 31 2.531 1.078 
177 0 N.D. --- 9 0.182 0.059 29 0.303 0.047 4 0.092 0.020 21 0.143 0.020 31 1.402 0.558 
178 1 0.046 --- 16 0.061 0.015 35 0.130 0.021 6 0.049 0.005 25 0.075 0.008 32 0.587 0.230 
183 0 N.D. --- 9 0.178 0.057 33 0.280 0.045 7 0.140 0.015 20 0.173 0.026 31 1.198 0.547 
187 0 N.D. --- 10 0.370 0.116 36 0.634 0.094 3 0.372 0.034 22 0.309 0.045 31 3.266 1.211 
194 0 N.D. --- 13 0.127 0.041 40 0.207 0.029 5 0.092 0.014 38 0.114 0.013 32 1.177 0.423 
199 0 N.D. --- 10 0.153 0.046 38 0.249 0.036 7 0.111 0.016 32 0.136 0.013 31 1.430 0.475 
206 4 0.023 0.002 44 0.037 0.004 38 0.098 0.012 13 0.062 0.012 33 0.073 0.008 32 0.426 0.112 
 
a n represents number of samples with detectable concentrations. N.D. indicates not detected. 
 Table A-49. Congener concentrations (Mean ± SEM, µg/g wet weight) in bluegill and green sunfish from upstream stations (MC, 
BB1A, BB1, and BB2), effluent receiving zone stations (BB3-BB9), and Little Bayou creek stations (LB2-LB4) for all dates 
combined.  
 Bluegill Green Sunfish   
   
 BB1A-BB2 BB3-BB9 LBC BB1A-BB2 BB3-BB9 LBC  
 n a Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM 
 
22 6 2.525 0.843 30 2.225 0.280 6 6.113 1.822 17 3.702 1.105 54 2.270 0.207 52 3.900 0.384 
40 4 0.642 0.239 13 0.893 0.173 3 4.409 3.197 9 1.599 0.806 17 0.730 0.236 17 2.078 0.654 
49 1 9.832 --- 10 3.521 0.989 1 3.374 --- 4 4.490 2.879 14 2.110 0.552 24 4.974 0.569 
83 1 0.044 --- 21 1.151 0.228 3 2.619 1.603 6 0.491 0.156 29 0.797 0.197 29 0.690 0.304 
85 4 1.181 0.359 20 0.883 0.162 4 2.715 1.236 12 1.895 0.795 33 0.978 0.139 47 1.632 0.204 
97 5 1.018 0.387 24 0.904 0.148 6 2.353 1.076 12 1.798 0.759 32 0.794 0.127 41 1.518 0.238 
 
283 99 6 2.384 0.900 29 1.542 0.280 4 5.100 2.474 14 4.766 1.772 41 1.898 0.324 53 3.299 0.403 
141 3 2.224 0.864 13 0.866 0.185 3 3.283 0.527 6 2.494 0.994 22 1.862 0.379 23 3.313 0.786 
146 6 1.056 0.572 34 0.876 0.113 9 0.888 0.253 17 2.978 1.255 59 1.242 0.167 62 2.301 0.401 
153 6 0.931 0.434 31 0.301 0.054 6 1.365 0.692 13 3.650 2.432 49 0.975 0.280 57 1.760 0.363 
172 3 0.578 0.314 23 0.539 0.063 2 1.859 0.501 12 1.021 0.358 31 0.759 0.154 29 0.977 0.176 
174 0 N.D. --- 3 0.927 0.082 0 N.D. --- 3 2.301 1.904 3 2.371 0.900 12 2.413 0.483 
177 2 2.300 0.477 11 1.069 0.188 3 2.534 0.265 6 3.320 1.182 15 1.471 0.287 22 2.397 0.397 
178 2 1.003 0.331 16 0.700 0.123 1 2.120 --- 9 1.147 0.377 25 1.082 0.197 22 1.371 0.268 
183 3 1.841 0.829 14 0.899 0.180 3 2.887 0.294 6 4.104 1.420 18 1.822 0.480 27 3.334 0.684 
187 4 4.815 1.622 12 2.946 0.774 1 7.046 --- 8 12.682 4.236 21 5.150 1.398 34 9.584 2.160 
194 2 1.709 0.421 10 0.620 0.122 2 1.283 0.079 8 2.670 0.907 22 1.801 0.431 24 2.169 0.338 
199 2 2.619 0.512 15 0.917 0.147 2 2.428 1.115 8 3.082 0.971 20 1.685 0.370 25 2.226 0.450 
206 2 1.096 0.477 16 0.302 0.052 1 1.024 --- 11 0.882 0.345 31 0.656 0.109 35 0.817 0.129 
 
a n represents number of samples with detectable concentrations. N.D. indicates not detected. 
 Table A-50. Congener concentrations (Mean ± SEM, µg/g wet weight) in longear sunfish and largemouth bass from upstream stations 
(MC, BB1A, BB1, and BB2), effluent receiving zone stations (BB3-BB9), and Little Bayou creek stations (LB2-LB4) for all dates 
combined.  
 Longear Sunfish Largemouth Bass   
   
 BB1A-BB2 BB3-BB9 LBC BB1A-BB2 BB3-BB9 LBC  
 n a Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM 
 
22 4 1.312 0.117 102 1.910 0.171 37 3.834 0.426 3 0.549 0.032 15 1.983 0.310 1 1.731 --- 
40 1 0.468 --- 36 0.819 0.228 26 1.158 0.199 2 0.242 0.079 2 0.237 0.017 2 0.746 0.144 
49 0 N.D. --- 20 2.642 1.134 21 5.254 0.998 0 N.D. --- 4 1.342 0.197 2 3.260 0.077 
83 4 0.494 0.217 62 0.712 0.232 19 1.222 0.385 1 0.496 --- 7 0.464 0.114 1 0.489 --- 
85 4 0.577 0.201 83 0.690 0.081 45 1.546 0.159 3 0.326 0.073 12 0.501 0.068 2 1.895 0.694 
97 3 0.548 0.089 83 0.607 0.088 42 1.368 0.170 3 0.354 0.060 11 0.436 0.046 2 1.640 0.364 
 
284 99 4 1.140 0.359 96 1.233 0.112 47 3.413 0.411 3 0.637 0.139 13 1.050 0.115 2 4.365 1.434 
141 2 0.577 0.184 48 1.133 0.132 25 2.997 0.634 3 0.907 0.412 6 1.444 0.223 2 3.229 1.147 
146 5 0.737 0.273 123 0.844 0.067 56 2.651 0.581 3 0.116 0.024 15 1.257 0.133 2 4.584 1.504 
153 4 0.205 0.038 113 1.008 0.196 50 2.010 0.518 3 0.733 0.351 14 0.981 0.317 2 1.714 1.044 
172 2 0.599 0.064 65 0.589 0.067 35 0.817 0.150 4 0.234 0.066 11 0.610 0.137 2 0.982 0.252 
174 0 N.D. --- 16 1.179 0.138 11 2.838 0.499 1 0.810 --- 4 1.275 0.295 2 2.824 0.498 
177 0 N.D. --- 31 0.945 0.101 24 2.240 0.481 2 0.649 0.075 6 0.956 0.120 2 2.095 0.428 
178 1 0.520 --- 49 0.792 0.094 26 1.195 0.210 3 0.265 0.080 8 0.811 0.164 2 1.112 0.131 
183 0 N.D. --- 46 1.084 0.106 28 3.189 0.814 2 0.994 0.008 7 1.146 0.143 2 3.969 1.401 
187 1 4.026 --- 60 2.764 0.303 36 8.501 1.936 2 2.402 0.108 9 2.311 0.343 2 9.880 2.512 
194 0 N.D. --- 52 1.175 0.141 27 1.803 0.291 2 0.736 0.004 11 1.345 0.258 2 2.435 0.796 
199 1 1.166 --- 53 0.944 0.076 31 2.127 0.460 2 0.846 0.014 10 0.950 0.129 2 2.652 1.138 
206 2 0.614 0.218 72 0.479 0.044 41 0.706 0.085 2 0.431 0.050 15 0.574 0.059 2 0.872 0.296 
 
a n represents number of samples with detectable concentrations. N.D. indicates not detected. 
 Table A-51. Congener concentrations (Mean ± SEM, µg/g wet weight) in yellow bullhead and stoneroller minnows from upstream 
stations (MC, BB1A, BB1, and BB2), effluent receiving zone stations (BB3-BB9), and Little Bayou creek stations (LB2-LB4) for all 
dates combined.  
 Yellow Bullhead Stoneroller Minnow   
   
 BB1A-BB2 BB3-BB9 LBC BB1A-BB2 BB3-BB9 LBC  
 n a Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM 
 
22 4 3.478 0.767 28 2.378 0.406 17 6.713 3.369 44 7.320 2.242 150 40.799 8.680 38 34.784 5.614 
40 2 2.245 0.684 10 0.458 0.062 6 7.177 6.190 16 4.063 1.432 101 37.940 11.018 27 22.757 6.291 
49 2 4.672 3.375 9 5.675 2.189 12 4.257 0.939 20 7.495 2.495 108 68.821 16.477 34 91.304 24.696 
83 4 1.923 1.116 15 0.661 0.174 13 1.373 0.300 46 5.145 0.781 165 32.780 8.470 45 10.142 1.835 
85 2 1.872 0.513 23 0.612 0.082 19 3.308 1.021 7 7.446 4.091 145 27.257 5.860 48 20.138 4.367 
97 2 1.556 0.899 15 0.547 0.089 15 3.171 1.690 29 4.061 1.384 150 28.236 5.837 48 19.149 3.841 285 99 4 2.196 0.617 25 1.268 0.188 19 6.516 1.800 36 5.844 1.983 158 74.392 16.115 53 50.735 10.065 
141 2 1.502 0.704 13 1.062 0.217 14 5.430 1.466 12 6.265 2.646 116 21.382 3.244 27 41.469 12.718 
146 5 1.259 0.613 28 1.129 0.169 19 3.281 0.624 43 2.394 1.084 149 80.759 18.682 51 39.911 6.777 
153 5 0.860 0.375 25 0.382 0.178 18 1.540 0.511 41 1.770 0.673 177 21.405 3.818 59 67.830 29.142 
172 1 1.159 --- 19 0.549 0.109 13 1.883 0.635 16 3.350 1.271 142 9.537 1.585 38 17.981 4.945 
174 0 N.D. --- 7 1.493 0.497 10 5.445 1.403 5 18.893 13.690 103 30.902 4.524 33 52.635 9.799 
177 2 1.160 0.666 7 0.652 0.138 8 2.145 0.477 8 11.347 6.380 117 19.435 2.978 30 36.485 10.484 
178 2 0.957 0.153 20 0.851 0.151 13 2.968 1.108 13 1.288 0.357 125 13.526 2.507 32 13.904 3.311 
183 2 1.634 1.073 12 1.219 0.318 16 4.590 1.409 11 10.413 5.072 121 22.454 3.305 34 35.045 9.752 
187 2 3.434 2.519 16 3.438 0.799 17 13.714 3.795 6 7.320 1.509 117 36.315 5.009 33 79.928 21.413 
194 1 2.013 --- 17 1.318 0.375 14 3.570 0.732 13 8.303 3.499 132 19.188 3.097 35 38.030 12.572 
199 2 1.262 0.889 17 1.407 0.450 14 3.924 0.879 11 5.230 1.289 127 18.370 2.879 31 28.682 8.392 
206 2 0.809 0.185 22 0.879 0.286 16 1.278 0.284 27 3.655 1.018 152 7.449 1.023 43 14.775 3.845 
 
a n represents number of samples with detectable concentrations. N.D. indicates not detected. 
 
 Table A-52. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet weight) in sediments collected from combined 
upstream stations in Massac creek (MC) and Big Bayou creek (BB1A, BB1, and BB2). 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2001 Mar. 2003 Mar. 2004 Mar. 2005 Aug. 2001 June 2002 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
 
22 0.163 0.013 N.D. --- 0.156 --- N.D. --- N.D. --- 0.067 0.026 N.D. --- 
40 0.041 --- N.D. --- N.D. --- N.D. --- N.D. --- 0.057 --- 0.047 0.016 
49 0.194 0.040 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
83 0.035 0.008 N.D. --- 0.029 0.006 N.D. --- N.D. --- 0.029 0.019 0.080 0.062 
85 N.D.     --- N.D. --- N.D. --- N.D. --- N.D. --- 0.050 0.035 0.035 --- 
97 0.044 0.011 N.D. --- 0.028 --- N.D. --- N.D. --- 0.032 0.015 0.089 --- 286 99 N.D. --- N.D. --- 0.047 --- N.D. --- N.D. --- 0.066 --- 0.063 --- 
141 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
146 0.017 0.001 N.D. --- 0.027 0.003 N.D. --- N.D. --- 0.014 0.003 0.020 0.003 
153 0.011 0.001 N.D. --- 0.009 0.000 N.D. --- N.D. --- 0.016 --- 0.010 --- 
172 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
174 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
177 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
178 N.D. --- N.D. --- 0.046 --- N.D. --- N.D. --- N.D. --- N.D. --- 
183 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
187 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
194 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
199 N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- N.D. --- 
206 N.D. --- N.D. --- 0.025 0.001 N.D. --- N.D. --- N.D. --- 0.017 --- 
 
a N.D. indicates not detected. 
 
 Table A-53. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet weight) in sediments collected from combined 
stations in the effluent receiving zone (BB3-BB9) of Big Bayou creek. 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2001 Mar. 2003 Mar. 2004 Mar. 2005 Aug. 2001 June 2002 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
 
22 0.143 0.012 0.190 0.045 0.096 0.014 0.067 --- 0.140 0.031 0.073 0.011 N.D. --- 
40 N.D. --- 0.189 --- N.D. --- 0.042 0.002 0.040 --- 0.023 --- 0.078 0.014 
49 0.222 --- 0.363 0.195 0.135 --- 0.113 --- N.D. --- N.D. --- 0.178 --- 
83 0.021 0.003 0.147 0.066 0.012 0.004 0.014 0.003 0.016 --- 0.008 0.002 0.057 0.016 
85 0.025 0.000 0.076 0.023 0.022 0.007 0.038 0.007 0.039 0.012 0.023 0.004 0.055 0.020 
97 0.035 0.003 0.108 0.035 0.032 0.003 0.038 0.011 0.037 --- 0.025 0.006 0.057 0.014 287 99 0.073 --- 0.111 0.035 0.086 0.009 0.078 0.022 0.063 0.021 0.049 0.008 0.156 0.060 
141 0.216 --- 0.638 --- N.D. --- 0.090 0.006 0.218 0.043 0.096 0.006 0.114 --- 
146 0.048 0.009 0.291 0.223 0.046 0.006 0.049 0.011 0.036 0.008 0.053 0.013 0.045 0.014 
153 0.014 0.002 0.030 0.019 0.028 0.005 0.026 0.006 0.030 0.010 0.022 0.006 0.011 0.003 
172 0.063 --- 0.081 0.055 0.023 0.002 0.031 0.004 0.095 0.015 0.026 0.001 0.036 0.004 
174 N.D. --- 1.169 --- N.D. --- 0.132 --- 0.355 0.066 0.128 0.007 0.177 --- 
177 0.173 --- 0.621 --- N.D. --- 0.086 0.004 0.224 0.038 0.065 0.005 0.094 --- 
178 N.D. --- 0.167 0.106 0.043 --- 0.036 0.001 0.095 0.017 0.030 0.002 0.041 0.003 
183 0.173 --- 0.600 --- N.D. --- 0.075 --- 0.212 0.036 0.076 0.004 0.099 --- 
187 0.345 --- 1.336 --- N.D. --- 0.165 0.016 0.492 0.088 0.157 0.007 0.234 --- 
194 0.128 --- 0.591 --- 0.052 0.005 0.069 0.006 0.174 0.022 0.060 0.007 0.106 --- 
199 0.156 --- 0.516 --- 0.052 --- N.D. --- 0.219 0.031 0.063 0.006 0.117 --- 
206 0.064 0.009 0.097 --- 0.031 0.004 0.023 0.001 0.066 0.032 0.028 0.002 0.033 0.005 
 
a N.D. indicates not detected. 
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Table A-54. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet weight) in sediments collected from combined 
stations in Little Bayou creek (LB2-LB4). 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2001 Mar. 2003 Mar. 2004 Mar. 2005 Aug. 2001 June 2002 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
 
22 0.188 0.017 0.359 0.093 0.158 0.038 0.304 0.039 0.664 0.178 0.140 0.006 0.222 --- 
40 0.180 0.064 0.145 0.014 0.276 0.166 0.376 0.160 0.312 --- 0.049 0.015 0.096 0.013 
49 0.637 0.212 1.473 0.320 0.502 0.184 1.134 0.224 2.366 0.577 0.425 0.269 0.559 0.119 
83 0.087 0.025 0.164 0.035 0.025 0.015 0.064 0.012 0.214 0.001 0.037 0.012 0.122 0.039 
85 0.262 0.087 0.299 0.065 0.063 0.028 0.447 0.113 0.511 0.118 0.113 0.061 0.184 0.060 
97 0.302 0.109 0.327 0.076 0.100 0.046 0.377 0.071 0.559 0.136 0.090 0.036 0.207 0.058 
99 0.495 0.144 0.659 0.133 0.280 0.104 1.199 0.428 0.898 0.250 0.168 0.077 0.482 0.121 
141 0.077 --- 0.350 0.107 0.154 0.042 0.383 0.097 1.134 --- 0.358 0.255 0.218 0.054 
146 0.169 0.021 0.391 0.090 0.125 0.024 0.379 0.126 0.193 0.061 0.058 0.011 0.284 0.060 
153 0.117 0.029 0.117 0.028 0.138 0.055 0.285 0.062 0.298 0.037 0.213 0.166 0.046 0.016 
172 0.025 0.002 0.091 0.022 0.053 0.012 0.134 0.035 0.369 --- 0.099 0.071 0.091 0.019 
174 N.D. --- 0.513 0.137 0.209 0.043 0.597 0.167 1.475 --- 0.786 0.650 0.422 0.107 
177 0.079 0.007 0.280 0.074 0.129 0.027 0.404 0.112 0.739 --- 0.758 --- 0.284 0.093 
178 0.035 --- 0.117 0.030 0.060 0.009 0.162 0.044 0.553 --- 0.207 0.173 0.112 0.024 
183 0.070 --- 0.282 0.077 0.117 0.025 0.315 0.090 1.050 --- 0.337 0.252 0.249 0.057 
187 0.163 0.010 0.593 0.143 0.271 0.054 0.840 0.249 1.764 0.433 0.664 0.495 0.609 0.149 
194 0.071 0.007 0.206 0.051 0.104 0.015 0.294 0.085 0.606 --- 0.257 0.193 0.243 0.055 
199 0.082 0.007 0.235 0.054 0.112 0.020 0.363 0.099 0.919 --- 0.269 0.192 0.271 0.064 
206 0.033 0.005 0.075 0.014 0.081 0.009 0.125 0.037 0.268 0.058 0.071 0.042 0.119 0.022 
 
 a N.D. indicates not detected. 
 Table A-55. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet 
weight) in floodplain soils collected from combined stations in Massac creek (MC) and 
Big Bayou creek (BB1A, BB1, and BB2). 
 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2003 Mar. 2004 Mar. 2005 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM  
 
22 0.143 --- 0.540 0.118 N.D. --- 0.119 0.010 
40 N.D. --- 0.280 0.078 N.D. --- N.D. --- 
49 0.340 --- 0.478 0.166 N.D. --- N.D. --- 
83 0.017 --- 0.160 0.041 0.087 0.007 0.020 0.003 
85 0.029 --- 0.076 0.021 0.169 0.016 0.068 0.004 
97 N.D. --- 0.049 0.008 0.067 0.031 0.044 --- 
99 0.131 --- 0.146 0.067 0.195 0.094 0.100 0.002 
141 0.206 --- N.D. --- 0.094 --- 0.391 0.041 
146 0.118 --- 0.066 0.026 0.035 0.019 0.071 0.014 
153 N.D. --- 0.029 0.011 0.068 0.022 0.018 0.004 
172 0.024 0.004 0.039 --- 0.068 0.007 N.D. --- 
174 N.D. --- 0.160 --- 0.191 --- N.D. --- 
177 N.D. --- 0.145 --- 0.074 0.013 N.D. --- 
178 0.031 --- 0.060 0.007 0.048 0.005 N.D. --- 
183 0.126 --- 0.089 --- 0.142 0.028 0.170 0.013 
187 N.D. --- 0.309 --- 0.403 0.026 N.D. --- 
194 0.072 --- 0.119 --- 0.089 0.021 N.D. --- 
199 0.074 0.015 0.168 --- 0.140 0.028 0.091 0.008 
206 0.049 --- 0.051 0.015 0.117 0.038 0.041 0.005 
 
a N.D. indicates not detected.
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 Table A-56. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet 
weight) in floodplain soils collected from combined stations in the effluent receiving 
zone (BB3-BB9) of Big Bayou creek. 
 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2003 Mar. 2004 Mar. 2005 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM  
 
22 0.210 0.028 0.978 0.477 N.D. --- 0.227 0.057 
40 0.076 0.018 0.864 0.548 N.D. --- N.D. --- 
49 0.468 0.231 0.574 0.413 N.D. --- 0.352 0.094 
83 0.075 0.013 0.129 0.027 0.019 0.007 0.080 0.024 
85 0.103 0.017 0.078 0.028 0.122 0.038 0.196 0.107 
97 0.124 0.028 0.108 0.050 0.059 0.010 0.489 0.257 
99 0.260 0.046 0.154 0.055 0.117 0.020 0.557 0.308 
141 0.150 0.033 0.160 0.066 0.134 0.030 0.536 0.448 
146 0.286 0.068 0.119 0.023 0.020 0.007 0.265 0.113 
153 0.029 0.008 0.037 0.013 0.148 0.028 0.048 0.022 
172 0.056 0.011 0.036 0.005 0.092 0.023 0.079 0.030 
174 0.210 0.051 0.236 0.091 0.261 0.038 0.427 0.154 
177 0.132 0.044 0.130 0.043 0.123 0.022 0.182 0.054 
178 0.064 0.013 0.059 0.007 0.074 0.012 0.104 0.028 
183 0.109 0.022 0.180 --- 0.190 0.047 0.213 0.059 
187 0.290 0.073 0.233 0.060 0.308 0.075 0.363 0.105 
194 0.110 0.025 0.085 0.010 0.142 0.039 0.124 0.028 
199 0.131 0.032 0.105 0.012 0.156 0.029 0.149 0.029 
206 0.059 0.027 0.069 0.007 0.118 0.027 0.070 0.017 
 
a N.D. indicates not detected.
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Table A-57. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet 
weight) in floodplain soils collected from combined stations in Little Bayou creek (LB2-
LB4). 
 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2003 Mar. 2004 Mar. 2005 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM  
 
22 0.233 0.041 0.450 0.183 0.389 0.070 0.188 0.014 
40 0.104 0.032 0.227 0.097 0.186 0.033 0.127 0.066 
49 1.280 0.293 0.857 0.280 1.208 0.304 1.033 0.332 
83 0.256 0.045 0.150 0.039 0.162 0.038 0.436 0.227 
85 0.763 0.161 0.441 0.198 1.061 0.312 1.205 0.432 
97 0.672 0.152 0.262 0.110 0.497 0.111 0.959 0.494 
99 1.506 0.343 0.829 0.386 1.693 0.717 2.472 0.967 
141 0.735 0.167 0.422 0.186 1.000 0.263 3.427 2.656 
146 1.026 0.219 0.419 0.150 0.501 0.083 3.026 1.994 
153 0.261 0.075 0.142 0.053 1.839 0.608 0.544 0.316 
172 0.250 0.051 0.185 0.073 0.359 0.085 0.870 0.636 
174 1.230 0.276 1.113 0.463 2.120 0.654 5.486 4.109 
177 0.697 0.153 0.755 0.311 1.188 0.315 2.886 2.127 
178 0.355 0.080 0.255 0.109 0.473 0.121 1.264 0.900 
183 0.697 0.169 0.442 0.154 0.768 0.191 2.790 2.094 
187 1.679 0.363 1.776 0.654 2.748 0.784 6.676 4.578 
194 0.627 0.131 0.543 0.208 1.228 0.348 2.395 1.637 
199 0.732 0.146 0.903 0.339 1.315 0.357 2.705 1.780 
206 0.166 0.035 0.277 0.096 0.524 0.137 0.723 0.405 
 
a N.D. indicates not detected.
 Table A-58. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet weight) in whole-body stoneroller minnows 
collected from combined stations in Massac creek (MC) and Big Bayou creek (BB1A, BB1, and BB2). 
 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2001 Mar. 2003 Mar. 2004 Mar. 2005 Aug. 2001 June 2002 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
 
22 1.06 0.21 2.68 0.85 8.37 1.37 16.77 3.65 1.97 0.98 18.13 13.25 6.05 1.20 
40 0.40 0.02 1.21 0.29 13.46 5.40 N.D. --- 0.36 0.01 6.23 4.46 3.09 1.56 
49 1.95 0.07 1.28 0.23 2.85 --- N.D. --- 0.67 0.11 15.59 11.31 9.45 2.10 
83 1.68 0.33 4.31 1.27 11.24 3.79 4.16 0.86 0.89 0.18 5.99 0.88 6.43 1.77 
85 1.04 0.17 6.10 --- 18.50 13.04 3.48 1.25 --- --- N.D. --- N.D. --- 292 97 0.42 0.18 3.91 3.52 14.19 5.70 3.32 0.84 0.51 0.01 6.14 5.15 1.22 0.37 
99 1.10 0.46 2.78 1.49 19.39 9.50 5.69 1.20 0.76 0.01 6.46 4.67 0.99 0.28 
141 2.25 1.25 2.92 2.23 21.26 12.22 6.33 0.79 0.20 0.03 --- --- --- --- 
146 0.60 0.29 1.73 1.04 11.59 6.92 N.D. --- 0.42 0.10 1.31 0.65 0.37 0.04 
153 0.18 0.09 0.54 0.33 5.30 3.07 10.43 3.74 0.25 0.02 0.29 0.03 0.22 0.06 
172 0.59 0.30 2.87 1.69 11.22 4.61 3.25 0.79 0.12 --- 0.47 --- 0.64 --- 
174 2.56 1.15 N.D. --- 73.35 --- 8.00 2.11 N.D. --- N.D. --- N.D. --- 
177 1.73 0.66 6.71 1.27 23.79 15.89 5.25 1.64 N.D. --- N.D. --- N.D. --- 
178 0.72 0.23 0.64 --- N.D. --- 2.77 0.73 0.15 0.01 0.81 --- 0.83 0.13 
183 2.04 0.97 5.03 2.38 21.48 12.95 5.99 1.31 N.D. --- N.D. --- N.D. --- 
187 4.05 1.52 N.D. --- 6.71 --- 9.70 2.04 N.D. --- N.D. --- N.D. --- 
194 1.99 1.22 4.29 3.64 23.90 11.69 7.55 1.64 0.38 0.05 N.D. --- N.D. --- 
199 2.59 1.72 10.19 3.09 9.03 3.68 4.45 0.83 0.34 --- N.D. --- N.D. --- 
206 0.91 0.66 3.85 2.33 10.25 3.22 7.43 2.47 0.39 0.30 0.25 --- 0.65 0.16 
 
a N.D. indicates not detected.
 
 Table A-59. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet weight) in whole-body stoneroller minnows 
collected from combined stations in the effluent receiving zone (BB3-BB9) of Big Bayou creek. 
 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2001 Mar. 2003 Mar. 2004 Mar. 2005 Aug. 2001 June 2002 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
 
22 0.90 0.06 3.16 0.37 341.37 41.24 20.60 1.91 6.29 0.70 36.33 17.05 8.07 1.81 
40 0.29 0.03 0.92 0.28 169.47 42.71 5.02 2.65 2.87 0.52 4.91 1.33 9.01 1.83 
49 1.91 0.42 3.75 0.39 325.37 67.36 15.71 1.94 9.72 1.28 34.01 21.67 22.75 7.12 
83 1.36 0.18 3.15 0.37 181.77 45.05 3.91 0.73 1.90 0.16 26.43 12.52 4.99 0.46 
85 0.68 0.09 1.87 0.18 149.11 24.47 4.92 1.28 4.02 0.37 10.87 4.78 3.60 1.24 
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97 0.75 0.11 1.94 0.22 141.00 23.09 5.46 1.14 4.04 0.36 13.78 8.38 3.96 0.87 
99 1.77 0.27 5.15 0.40 405.16 68.08 10.97 1.83 8.58 0.78 18.43 6.72 9.74 2.19 
141 2.65 0.48 4.91 0.64 79.42 9.03 6.44 0.96 9.62 0.97 5.50 0.60 6.22 1.49 
146 1.90 0.26 6.00 0.59 434.62 75.97 N.D. --- 5.70 0.45 8.25 0.92 7.25 0.82 
153 0.38 0.05 1.11 0.12 109.91 17.56 22.11 2.56 3.72 0.31 2.59 0.61 1.65 0.14 
172 1.13 0.17 1.98 0.23 43.35 5.53 4.60 0.76 3.17 0.28 2.11 0.21 1.81 0.19 
174 3.77 0.58 6.22 1.04 98.84 10.62 7.12 0.54 11.09 1.11 8.98 0.62 26.58 9.46 
177 3.04 0.40 3.95 0.46 71.02 8.35 5.97 0.69 8.10 0.77 5.58 0.65 4.86 0.72 
178 1.09 0.17 1.74 0.27 71.65 9.12 6.28 0.86 4.42 0.42 2.90 0.31 3.14 0.59 
183 3.03 0.42 4.80 0.57 79.34 8.72 6.08 0.80 11.24 2.33 5.61 0.53 4.73 0.72 
187 7.00 0.91 10.17 1.02 124.96 13.07 12.04 2.17 17.29 1.88 12.41 1.65 10.91 1.81 
194 2.72 0.40 4.69 0.53 79.47 10.19 9.46 1.59 6.28 0.60 4.71 0.50 4.10 0.54 
199 2.75 0.39 4.40 0.49 73.89 8.52 5.57 0.99 7.33 0.62 4.88 0.36 2.69 0.52 
206 1.32 0.19 2.92 0.32 31.51 3.58 4.95 0.71 2.96 0.24 2.35 0.29 2.62 0.21 
 
a N.D. indicates not detected.
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Table A-60. Seasonal variations in congener concentrations (Mean ±SEM, µg/Kg wet weight) in whole-body stoneroller minnows 
collected from combined stations in Little Bayou creek (LB2-LB4). 
 
 Congener Conc. (µg/Kg) a 
 
 Mar. 2001 Mar. 2003 Mar. 2004 Mar. 2005 Aug. 2001 June 2002 Sept. 2003 
IUPAC 
No. Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
 
22 3.28 1.69 37.36 8.28 92.07 15.17 42.85 13.18 21.50 4.28 11.38 1.59 48.67 16.92 
40 1.49 0.68 N.D. --- 76.05  42.65 19.79 12.33 1.40 5.00 0.59 29.19 12.74 
49 5.87 2.82 N.D. --- 118.85 41.81 191.09 74.08 49.68 5.67 24.81 4.73 72.98 27.59 
83 0.81 0.32 4.15 1.28 36.41 6.39 3.93 1.12 4.99 0.78 10.82 1.02 6.40 1.52 
85 1.82 0.88 7.07 2.74 52.40 9.49 33.12 18.21 17.56 2.80 9.32 0.89 13.40 3.13 
97 2.25 1.10 7.52 1.84 47.08 8.59 29.87 15.80 18.33 3.15 10.28 1.75 14.14 4.94 
99 5.21 2.69 19.25 5.44 153.37 30.90 78.57 40.27 36.16 5.98 25.24 3.36 34.80 9.47 
141 4.45 2.11 75.54  71.37 7.81 91.12 52.60 27.19 4.31 7.60 0.88 33.08 17.77 
146 11.50 6.48 34.02 8.88 122.42 20.42 N.D. --- 16.65 3.30 20.59 3.95 50.52 19.21 
153 1.14 0.58 5.28 1.47 22.47 3.41 259.01 110.76 10.55 2.18 4.70 0.82 5.95 1.45 
172 1.19 0.71 13.75 4.74 41.38 13.54 37.40 19.31 9.19 2.09 2.89 0.24 14.11 7.43 
174 5.00 2.43 N.D. --- 127.94 35.85 63.74 51.89 38.77 8.79 10.96 1.63 67.03 9.77 
177 2.39 1.37 43.69 3.84 78.73 20.82 57.21 47.98 27.07 5.88 9.02 0.91 43.38 23.27 
178 1.10 0.61 19.03 --- 25.21 6.33 23.98 13.20 13.33 3.13 3.77 0.43 17.72 9.52 
183 3.49 2.07 41.30 14.45 72.72 15.98 61.12 51.25 28.23 6.87 8.23 0.95 46.28 25.13 
187 6.56 3.86 79.70 26.82 188.53 42.27 151.39 126.19 60.03 14.62 20.72 2.85 85.56 38.81 
194 3.45 2.10 32.89 9.44 60.46 18.90 99.20 57.61 18.40 4.10 6.02 0.48 28.02 11.93 
199 3.06 1.79 35.07 --- 76.72 21.17 45.24 36.95 19.46 4.56 6.89 0.59 25.07 23.70 
206 1.18 0.76 10.16 3.06 37.65 11.38 29.73 15.17 8.11 1.71 2.96 0.20 8.10 2.79 
 
a N.D. indicates not detected.
 Table A-61. Silver metal body burden in stoneroller minnows (SR BB), total recoverable silver in water (TR Water), and calculated 
silver bioavailable fractions (Ag BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found. 
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Ag BF SR BB TR Water Ag BF SR BB TR Water Ag BF SR BB TR Water Ag BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC 0.017 <0.250 ---A 0.014 0.049 0.007 0.026 <0.250 --- 0.008 <0.25 --- 
BB1A 0.024 <0.250 --- 0.008 0.045 0.003 0.040 <0.250 --- 0.010 <0.25 --- 
BB1 0.027 <0.250 --- 0.017 0.024 0.004 0.019 <0.250 --- 0.009 <0.25 --- 
BB2 0.026 <0.250 --- 0.022 0.052 0.011 0.016 <0.250 --- 0.018 <0.25 --- 
BB3 0.023 <0.250 --- 0.010 0.115 0.011 0.015 <0.250 --- 0.014 <0.25 --- 
BB4 0.053 <0.250 --- 0.034 0.110 0.036 0.025 <0.250 --- 0.027 <0.25 --- 
BB5 0.035 <0.250 --- 0.056 0.085 0.046 0.034 <0.250 --- 0.014 <0.25 --- 
BB6 0.043 1.155 0.798 0.057 0.566 0.311 0.026 <0.250 --- 0.017 1.280 0.597 
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BB7 0.043 0.880 0.613 0.089 0.618 0.525 0.021 <0.250 --- 0.015 1.171 0.474 
BB8 0.037 0.789 0.463 0.026 0.443 0.110 0.014 <0.250 --- 0.032 0.951 0.809 
BB9 N.F. 0.556 --- 0.017 0.250 0.042 N.F. <0.250 --- 0.018 0.402 0.195 
             
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC 0.006 <0.250 --- 0.061 <0.250 --- 0.117 <0.250 --- 0.011 <0.25 --- 
BB1A 0.005 <0.250 --- 0.031 0.527 0.216 0.035 <0.250 --- 0.014 <0.25 --- 
BB1 0.008 <0.250 --- 0.034 0.419 0.189 0.024 <0.250 --- 0.015 <0.25 --- 
BB2 0.012 <0.250 --- 0.032 0.366 0.158 0.023 <0.250 --- 0.018 <0.25 --- 
BB3 0.011 <0.250 --- 0.032 <0.250 --- 0.031 <0.250 --- 0.017 <0.25 --- 
BB4 0.026 <0.250 --- 0.037 1.387 0.686 0.038 <0.250 --- 0.023 <0.25 --- 
BB5 0.016 <0.250 --- 0.055 0.739 0.538 0.040 <0.250 --- 0.019 <0.25 --- 
BB6 0.018 0.255 0.151 0.049 2.314 1.514 0.026 <0.250 --- 0.023 0.417 0.298 
BB7 0.012 0.236 0.093 0.034 2.164 0.984 0.021 <0.250 --- 0.028 0.333 0.283 
BB8 0.014 0.250 0.115 0.064 1.830 1.555 0.026 <0.250 --- 0.024 1.552 1.148 
BB9 N.F. 0.184 --- N.F. 2.400 ---  <0.250 --- N.F. 0.644 --- 
A Cannot be calculated.
 
 Table A-62. Beryllium metal body burden in stoneroller minnows (SR BB), total recoverable beryllium in water (TR Water), and 
calculated beryllium bioavailable fractions (Be BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found. 
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Be BF SR BB TR Water Be BF SR BB TR Water Be BF SR BB TR Water Be BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC 0.024 <0.250 ---A 0.029 0.761 0.439 0.034 0.023 0.021 0.054 <0.25 --- 
BB1A 0.026 <0.250 --- 0.025 0.761 0.380 0.037 0.045 0.045 0.031 <0.25 --- 
BB1 0.032 0.199 0.133 0.026 0.712 0.380 N.D. 0.034 --- 0.044 <0.25 --- 
BB2 0.025 <0.250 --- 0.033 0.531 0.358 0.010 0.044 0.012 0.039 <0.25 --- 
BB3 N.D. 0.369 --- 0.030 0.601 0.361 0.016 0.033 0.015 0.048 <0.25 --- 
BB4 0.037 0.303 0.236 0.044 0.525 0.464 0.014 0.056 0.021 0.048 0.307 0.268 
BB5 0.033 <0.250 --- 0.031 0.638 0.400 0.026 0.067 0.047 0.051 <0.25 --- 
BB6 0.048 0.769 0.769 0.050 1.730 1.730 0.008 0.100 0.023 0.023 2.397 1.015 
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BB7 0.036 0.644 0.486 0.032 1.904 1.244 0.014 0.102 0.039 0.047 2.348 2.036 
BB8 0.041 0.619 0.526 0.037 1.528 1.145 0.015 0.080 0.032 0.020 1.906 0.689 
BB9 N.F. 0.478 --- 0.047 1.016 0.972 N.F. 0.057 --- 0.015 1.277 0.344 
             
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC N.D. <0.250 --- 0.010 0.327 0.277 0.029 <0.250 --- N.D. <5.00 --- 
BB1A N.D. <0.250 --- 0.011 0.490 0.433 0.009 <0.250 --- N.D. <5.00 --- 
BB1 N.D. <0.250 --- 0.005 0.459 0.169 0.003 <0.250 --- N.D. <5.00 --- 
BB2 N.D. <0.250 --- 0.004 0.449 0.159 0.004 <0.250 --- N.D. <5.00 --- 
BB3 N.D. <0.250 --- 0.007 0.265 0.155 0.003 <0.250 --- N.D. <5.00 --- 
BB4 N.D. <0.250 --- 0.006 2.171 1.154 0.005 <0.250 --- N.D. <5.00 --- 
BB5 N.D. <0.250 --- 0.008 0.431 0.300 0.002 <0.250 --- N.D. <5.00 --- 
BB6 N.D. 0.462 --- 0.009 1.951 1.513 0.003 0.707 0.068 N.D. <5.00 --- 
BB7 N.D. 0.484 --- 0.005 2.195 0.926 0.003 0.763 0.088 N.D. <5.00 --- 
BB8 N.D. 0.532 --- 0.012 3.329 3.329 0.005 0.653 0.109 N.D. <5.00 --- 
BB9 N.F. 0.416 --- N.F. 3.366 --- N.F. 0.564 --- N.F. <5.00 --- 
A Cannot be calculated. 
 
 Table A-63. Cadmium metal body burden in stoneroller minnows (SR BB), total recoverable cadmium in water (TR Water), and 
calculated cadmium bioavailable fractions (Cd BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found.  
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Cd BF SR BB TR Water Cd BF SR BB TR Water Cd BF SR BB TR Water Cd BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC 0.044 <0.250 ---A 0.048 <0.250 --- 0.036 <0.250 --- N.D. <0.25 --- 
BB1A 0.039 <0.250 --- 0.019 <0.250 --- 0.413 <0.250 --- 0.011 <0.25 --- 
BB1 0.055 <0.250 --- 0.056 <0.250 --- 0.031 0.357 0.026 0.015 <0.25 --- 
BB2 0.055 <0.250 --- 0.015 <0.250 --- 0.019 <0.250 --- 0.016 <0.25 --- 
BB3 N.D. <0.250 --- 0.021 <0.250 --- 0.016 <0.250 --- 0.013 <0.25 --- 
BB4 0.031 <0.250 --- 0.033 <0.250 --- 0.019 0.724 0.033 0.009 <0.25 --- 
BB5 0.036 <0.250 --- 0.022 <0.250 --- 0.033 <0.250 --- 0.008 <0.25 --- 
BB6 0.110 0.367 0.339 0.026 0.112 0.048 0.041 <0.250 --- N.D. 0.673 --- 
297
BB7 0.085 5.389 3.817 0.021 0.107 0.037 0.106 <0.250 --- 0.002 0.708 0.011 
BB8 0.064 0.223 0.118 0.033 0.092 0.051 0.035 <0.250 --- 0.064 0.690 0.400 
BB9 N.F. <0.250 --- 0.028 0.046 0.022 N.F. <0.250 --- 0.100 0.416 0.383 
             
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC 0.019 <0.250 --- 0.062 <0.250 --- 0.049 <0.250 --- N.D. <0.25 --- 
BB1A 0.014 <0.250 --- 0.026 <0.250 --- 0.015 <0.250 --- N.D. <0.25 --- 
BB1 0.009 <0.250 --- 0.035 <0.250 --- 0.005 <0.250 --- N.D. <0.25 --- 
BB2 0.013 <0.250 --- 0.039 <0.250 --- 0.007 <0.250 --- N.D. <0.25 --- 
BB3 0.009 <0.250 --- 0.031 <0.250 --- 0.006 <0.250 --- N.D. <0.25 --- 
BB4 0.013 <0.250 --- 0.036 0.506 0.136 0.007 <0.250 --- N.D. <0.25 --- 
BB5 0.009 <0.250 --- 0.045 <0.250 --- 0.006 <0.250 --- N.D. <0.25 --- 
BB6 0.014 <0.250 --- 0.124 0.377 0.341 0.005 0.321 0.030 N.D. <0.25 --- 
BB7 0.008 <0.250 --- 0.034 0.299 0.074 0.007 0.367 0.051 N.D. <0.25 --- 
BB8 0.024 <0.250 --- 0.082 0.299 0.179 0.010 0.294 0.054 N.D. <0.25 --- 
BB9 N.F. <0.250 --- N.F. 0.338 0.000 N.F. <0.250 --- N.F. <0.25 ---  
A Cannot be calculated. 
 
 Table A-64. Total chromium metal body burden in stoneroller minnows (SR BB), total recoverable chromium in water (TR Water), 
and calculated chromium bioavailable fractions (Cr BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found. 
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Cr BF SR BB TR Water Cr BF SR BB TR Water Cr BF SR BB TR Water Cr BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC 0.085 <1.000 ---A 0.243 1.498 1.441 0.035 <1.000 --- 0.004 <1.000 --- 
BB1A 0.041 <1.000 --- 0.121 1.127 0.541 0.225 <1.000 --- 0.022 <1.000 --- 
BB1 0.040 1.078 0.339 0.081 1.325 0.424 0.027 <1.000 --- 0.013 <1.000 --- 
BB2 0.040 <1.000 --- 0.060 1.161 0.276 0.014 <1.000 --- 0.085 <1.000 --- 
BB3 0.092 <1.000 --- N.D. 1.177 --- 0.048 <1.000 --- 0.008 <1.000 --- 
BB4 0.123 <1.000 --- 0.042 <1.000 --- 0.033 <1.000 --- 0.022 <1.000 --- 
BB5 0.061 0.893 0.424 0.080 1.027 0.323 0.029 1.487 0.187 0.080 <1.000 --- 
BB6 0.020 1.989 0.311 0.046 2.165 0.393 0.027 1.370 0.159 0.036 <1.000 --- 
298
BB7 0.020 1.984 0.311 0.123 2.283 1.108 0.060 2.366 0.609 0.014 <1.000 --- 
BB8 0.014 1.350 0.146 N.D. 1.471 --- 0.024 1.964 0.200 0.068 <1.000 --- 
BB9 N.F. 1.355 --- N.D. 2.018 --- N.F. <1.000 --- <0.035 <1.000 --- 
          
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC 0.122 <1.000 --- 0.084 <1.000 --- 0.061 <1.000 --- N.D. 0.609 --- 
BB1A 0.113 <1.000 --- 0.088 <1.000 --- 0.024 <1.000 --- 0.049 0.743 0.715 
BB1 0.110 <1.000 --- 0.105 <1.000 --- 0.038 <1.000 --- N.D. 0.707 --- 
BB2 0.085 <1.000 --- 0.066 <1.000 --- 0.030 <1.000 --- 0.041 0.933 0.746 
BB3 0.132 0.265 0.247 0.127 <1.000 --- 0.035 <1.000 --- 0.025 0.976 0.481 
BB4 0.084 0.308 0.183 0.084 <1.000 --- 0.015 <1.000 --- 0.029 0.984 0.559 
BB5 0.136 0.350 0.337 0.119 <1.000 --- 0.044 <1.000 --- 0.029 1.144 0.660 
BB6 0.118 0.709 0.591 0.098 2.271 1.697 0.048 <1.000 --- 0.034 1.201 0.810 
BB7 0.085 0.709 0.428 0.054 2.208 0.899 0.038 <1.000 --- 0.035 1.031 0.698 
BB8 0.125 0.566 0.498 0.125 2.708 2.570 0.037 <1.000 --- 0.046 1.108 0.989 
BB9 N.F. 0.806 --- N.F. 2.354 --- N.F. <1.000 --- N.F. 1.213 --- 
A Cannot be calculated. 
 
 Table A-65. Copper metal body burden in stoneroller minnows (SR BB), total recoverable copper in water (TR Water), and calculated 
copper bioavailable fractions (Cu BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found.  
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Cu BF SR BB TR Water Cu BF SR BB TR Water Cu BF SR BB TR Water Cu BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC 1.345 <1.000 ---A 0.804 1.445 0.355 0.428 1.011 0.109 0.273 <1.000 --- 
BB1A 1.290 1.215 0.560 0.881 1.505 0.405 0.310 <1.000 --- 0.426 <1.000 --- 
BB1 0.888 1.144 0.363 2.618 1.361 1.089 0.737 <1.000 --- 0.292 <1.000 --- 
BB2 0.638 2.547 0.581 0.836 1.247 0.319 0.704 1.968 0.349 0.296 1.185 0.185 
BB3 2.687 1.014 0.973 1.759 <1.000 --- 0.811 1.653 0.337 0.272 1.002 0.143 
BB4 2.678 1.562 1.495 1.958 1.329 0.795 3.813 1.811 1.738 1.085 2.155 1.228 
BB5 2.259 1.349 1.089 3.100 1.371 1.299 0.749 4.200 0.792 1.346 1.920 1.358 
BB6 1.142 4.732 1.931 2.309 3.697 2.608 3.513 2.495 2.207 1.471 6.540 5.055 
299
BB7 1.373 4.964 2.436 2.069 3.590 2.270 2.106 1.855 0.984 0.905 5.939 2.824 
BB8 0.696 3.557 0.884 3.141 2.320 2.227 1.259 1.262 0.400 1.827 5.042 4.841 
BB9 N.F. 2.640 --- 1.435 2.107 0.924 N.F. 2.226 --- 0.970 3.027 1.543 
             
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC 0.733 <1.000 --- 0.355 <1.000 --- 0.632 <1.000 --- 0.254 2.040 0.217 
BB1A N.D. 1.164 --- 0.493 <1.000 --- 0.363 <1.000 --- 0.306 5.540 0.710 
BB1 0.306 <1.000 --- 0.353 <1.000 --- 0.603 <1.000 --- 0.441 2.240 0.414 
BB2 1.008 <1.000 --- 0.269 <1.000 --- 0.460 <1.000 --- 0.517 3.880 0.841 
BB3 0.282 1.122 0.118 0.677 <1.000 --- 0.718 2.023 1.560 0.758 4.580 1.457 
BB4 2.576 6.219 5.970 0.935 <1.000 --- 0.836 1.991 1.786 1.479 9.380 5.819 
BB5 2.381 1.370 1.216 0.863 <1.000 --- 0.812 1.719 1.499 1.297 7.320 3.982 
BB6 2.137 3.529 2.811 0.440 <1.000 --- 0.696 3.251 2.429 2.289 8.650 8.304 
BB7 2.393 2.924 2.608 0.631 <1.000 --- 0.894 3.043 2.922 1.791 9.050 6.800 
BB8 1.956 2.278 1.661 0.418 <1.000 --- 0.745 2.408 1.926 1.625 6.710 4.573 
BB9 N.F. 2.111 ---  <1.000 --- N.F. 1.848 --- N.F. 6.500 --- 
A Cannot be calculated. 
 
 Table A-66. Iron metal body burden in stoneroller minnows (SR BB), total recoverable iron in water (TR Water), and calculated iron 
bioavailable fractions (Fe BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found.  
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Fe BF SR BB TR Water Fe BF SR BB TR Water Fe BF SR BB TR Water Fe BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC  268.80 ---A 49.32 1063.37 742.17 55.15 286.09 183.68 76.94 41.91 3.12 
BB1A  866.15 --- 70.66 1102.94 1102.94 12.83 736.05 109.90 35.21 175.89 6.00 
BB1  405.90 --- 18.55 1526.62 400.69 24.29 510.05 144.21 63.72 256.96 15.86 
BB2  894.45 --- 38.60 1426.74 779.45 36.32 1310.30 553.97 59.85 560.23 32.47 
BB3  1181.95 --- 23.48 1349.22 448.44 20.09 533.82 124.88 15.66 577.07 8.75 
BB4  780.45 --- 14.93 1179.78 249.31 19.19 241.15 53.87 15.97 139.45 2.16 
BB5  1047.85 --- 45.52 1052.83 678.23 24.31 1955.85 553.47 52.92 311.31 15.95 
BB6  535.80 --- 23.14 <1000.0 --- 42.91 566.36 282.89 26.14 215.97 5.47 
300
BB7  276.55 --- 29.57 <1000.0 --- 85.90 453.87 453.87 13.73 110.20 1.46 
BB8  793.25 --- 37.25 1140.07 601.10 27.04 341.89 107.61 1032.62 162.87 162.87 
BB9  571.30 --- 26.20 1631.89 605.14 N.F. 849.81 --- 16.36 1161.45 18.40 
             
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC 12.33 84.41 51.32 15.19 <50.00 --- 17.26 388.29 388.29 3.86 110.25 38.48 
BB1A 20.27 477.57 477.57 28.54 <50.00 --- 10.10 289.86 169.56 10.00 351.97 318.12 
BB1 14.59 508.00 365.53 17.82 186.73 62.36 7.62 366.53 161.81 4.58 275.55 114.05 
BB2 10.15 337.96 169.23 7.40 <50.00 --- 10.26 212.08 126.13 10.21 461.33 425.94 
BB3 9.41 788.63 366.29 46.86 328.37 288.44 6.32 580.88 212.61 4.97 671.72 301.80 
BB4 8.22 526.75 213.64 26.58 <50.00 --- 9.48 445.30 244.67 6.38 278.56 160.64 
BB5 12.68 555.17 347.16 53.34 1377.90 1377.90 10.19 566.42 334.55 8.87 268.46 215.29 
BB6 12.19 386.04 232.18 22.60 <50.00 --- 8.05 398.96 186.10 8.80 307.00 244.31 
BB7 9.17 296.02 133.87 5.09 541.81 51.66 9.77 263.14 149.01 8.62 314.54 245.15 
BB8 11.10 263.93 144.51 35.39 49.83 33.06 11.09 206.42 132.65 11.06 202.74 202.74 
BB9 N.F. 771.49 --- N.F. 102.77 0.00 N.F. 532.55 --- N.F. 843.90 --- 
A Cannot be calculated. 
 
 Table A-67. Nickel metal body burden in stoneroller minnows (SR BB), total recoverable nickel in water (TR Water), and calculated 
nickel bioavailable fractions (Ni BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found.  
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Ni BF SR BB TR Water Ni BF SR BB TR Water Ni BF SR BB TR Water Ni BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC 0.716 <3.000 ---A 2.113 15.022 10.195 1.831 <3.000 --- 0.023 <3.000 --- 
BB1A 0.711 <3.000 --- 1.318 10.212 4.322 2.726 <3.000 --- 0.057 <3.000 --- 
BB1 0.870 <3.000 --- 1.744 9.402 5.268 N.D. <3.000 --- 0.064 <3.000 --- 
BB2 0.746 <3.000 --- 1.809 8.200 4.765 1.650 5.066 3.059 0.103 <3.000 --- 
BB3 N.D. <3.000 --- 2.207 10.085 7.148 1.572 2.987 1.718 0.055 <3.000 --- 
BB4 1.039 <3.000 --- 0.668 9.951 2.135 1.061 3.091 1.200 0.037 <3.000 --- 
BB5 1.041 <3.000 --- 0.765 8.662 2.128 2.359 3.970 3.426 0.048 <3.000 --- 
BB6 1.455 12.569 12.531 0.864 16.036 4.451 0.823 4.168 1.255 0.155 18.288 8.705 
301
BB7 0.791 7.941 4.303 0.706 19.152 4.345 1.128 4.125 1.702 0.117 18.333 6.565 
BB8 1.160 7.370 5.858 2.642 18.653 15.830 1.276 3.823 1.785 0.326 17.546 17.493 
BB9 N.F. 5.509 --- 3.104 12.821 12.783 N.F. 5.428 --- 0.213 6.071 3.952 
             
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC 0.048 <1.000 --- 0.152 1.005 0.956 0.207 1.001 0.998 0.031 1.571 0.353 
BB1A 0.159 1.984 1.978 0.122 <1.00 --- 0.083 1.209 0.485 0.070 1.624 0.813 
BB1 0.092 1.860 1.078 0.150 <1.00 --- 0.046 1.314 0.292 0.031 1.539 0.345 
BB2 0.118 0.953 0.707 0.077 <1.00 --- 0.043 <1.00 --- 0.086 1.763 1.084 
BB3 0.052 1.421 0.462 0.107 <1.00 --- 0.031 1.087 0.164 0.062 1.810 0.803 
BB4 0.058 1.604 0.580 0.091 1.144 0.655 0.048 1.494 0.344 0.134 2.213 2.133 
BB5 0.150 1.187 1.117 0.159 <1.00 --- 0.031 1.068 0.160 0.059 1.797 0.764 
BB6 0.097 2.154 1.311 0.123 4.097 3.166 0.033 2.386 0.385 0.094 2.796 1.894 
BB7 0.116 1.932 1.408 0.047 3.884 1.148 0.045 1.900 0.409 0.139 2.733 2.725 
BB8 0.078 2.253 1.109 0.142 3.252 2.901 0.045 2.094 0.456 0.122 3.007 2.640 
BB9 N.F. 2.299 --- N.F. 2.759 --- N.F. 2.355 --- N.F. 2.639 --- 
A Cannot be calculated. 
 
 Table A-68. Lead metal body burden in stoneroller minnows (SR BB), total recoverable lead in water (TR Water), and calculated lead 
bioavailable fractions (Pb BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found. 
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Pb BF SR BB TR Water Pb BF SR BB TR Water Pb BF SR BB TR Water Pb BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC 0.147 0.905 0.426 0.700 <0.500 --- 0.699 0.134 0.084 0.007 <1.000 --- 
BB1A 0.090 <0.500 ---A 1.180 <0.500 --- 0.826 0.176 0.119 0.008 <1.000 --- 
BB1 0.185 <0.500 --- 0.265 <0.500 --- 0.653 0.238 0.126 0.007 <1.000 --- 
BB2 0.132 <0.500 --- 1.158 <0.500 --- 1.017 0.396 0.348 0.022 <1.000 --- 
BB3 0.221 1.585 1.046 0.913 <0.500 --- 1.049 0.203 0.171 0.011 <1.000 --- 
BB4 0.193 0.710 0.397 0.046 <0.500 --- 1.054 0.118 0.103 0.010 <1.000 --- 
BB5 0.172 0.565 0.288 0.348 <0.500 --- 0.629 0.599 0.321 0.010 <1.000 --- 
BB6 0.282 2.638 1.895 0.438 <0.500 --- 0.593 0.460 0.211 0.032 2.623 0.663 
302
BB7 0.278 3.056 2.146 0.410 0.960 0.246 0.620 0.403 0.195 0.016 2.131 0.273 
BB8 0.235 2.163 1.286 0.954 0.948 0.589 0.695 0.393 0.210 0.085 2.432 1.607 
BB9 N.F. 2.531 --- 0.709 0.623 0.304 N.F. 0.310 --- 0.048 1.985 0.803 
             
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC 0.007 <1.000 --- 0.090 <0.500 --- 0.133 <0.500 --- N.D. 2.415 --- 
BB1A 0.010 <1.000 --- 0.042 <0.500 --- 0.027 <0.500 --- N.D. <1.00 --- 
BB1 0.006 <1.000 --- 0.045 <0.500 --- 0.008 <0.500 --- N.D. <1.00 --- 
BB2 0.011 <1.000 --- 0.062 <0.500 --- 0.014 <0.500 --- N.D. 1.128 --- 
BB3 0.005 <1.000 --- 0.054 <0.500 --- 0.008 <0.500 --- N.D. 1.186 --- 
BB4 0.008 <1.000 --- 0.043 0.544 0.193 0.031 <0.500 --- N.D. 1.543 --- 
BB5 0.006 <1.000 --- 0.056 <0.500 --- 0.008 <0.500 --- N.D. 1.925 --- 
BB6 0.008 <1.000 --- 0.082 1.022 0.607 0.010 <0.500 --- N.D. 2.264 --- 
BB7 0.006 <1.000 --- 0.045 1.011 0.326 0.013 <0.500 --- N.D. 1.344 --- 
BB8 0.007 <1.000 --- 0.084 1.078 0.650 0.014 <0.500 --- N.D. <1.00 --- 
BB9 N.F. 4.982 --- N.F. 0.756 0.000 N.F. <0.500 --- N.F. 1.558 --- 
A Cannot be calculated. 
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Table A-69. Zinc metal body burden in stoneroller minnows (SR BB), total recoverable zinc in water (TR Water), and calculated zinc 
bioavailable fractions (Zn BF) for stations in Massac and Big Bayou creeks. N.F. indicates not found. 
 Mar. 2000 Mar. 2001 Aug. 2001 June 2002  
 SR BB TR Water Zn BF SR BB TR Water Zn BF SR BB TR Water Zn BF SR BB TR Water Zn BF 
Station (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) (µg/g wet) (µg/L) (µg/L) 
 
MC 35.335 2.118 1.609 37.693 17.812 16.423 15.510 0.964 0.406 20.417 1.467 0.688 
BB1A 33.279 3.000 2.146 33.123 5.416 4.388 17.709 <1.000 --- 28.660 0.367 0.241 
BB1 29.748 1.758 1.125 30.658 6.131 4.598 36.310 6.124 6.039 24.287 1.290 0.719 
BB2 28.268 2.904 1.765 25.654 4.331 2.718 24.188 9.740 6.397 37.887 3.870 3.367 
BB3 39.891 11.252 9.651 33.727 5.917 4.881 16.499 1.283 0.575 35.424 6.154 5.006 
BB4 37.695 3.351 2.716 28.951 9.126 6.463 10.847 7.059 2.079 30.174 2.201 1.525 
BB5 45.855 2.835 2.795 33.938 9.713 8.064 6.140 4.484 0.748 26.954 4.848 3.001 
BB6 20.972 8.077 3.642 32.753 11.922 9.552 8.037 2.160 0.471 41.293 6.072 5.758 
BB7 24.110 123.242 63.891 27.088 8.491 5.627 9.959 1.130 0.305 28.388 7.984 5.204 
BB8 22.278 4.492 2.152 40.309 6.655 6.561 20.221 <1.000 --- 42.938 2.611 2.574 
BB9 N.F. 5.587 ---A 30.179 4.951 3.655 N.F. 1.161 --- 29.860 4.254 2.917 
             
 Mar. 2003 Sept. 2003 Mar. 2004 Mar. 2005  
MC 22.802 <1.000 --- 20.437 5.777 5.094 34.323 2.284 2.252 11.801 1.749 0.901 
BB1A 25.857 2.385 2.352 21.566 <1.000 --- 26.063 <1.00 --- 19.621 2.217 1.899 
BB1 22.027 1.524 1.280 19.496 <1.000 --- 17.889 <1.00 --- 11.992 1.383 0.724 
BB2 24.132 <1.000 --- 17.466 2.702 2.037 19.444 <1.00 --- 20.394 6.190 5.511 
BB3 19.049 3.886 2.823 22.376 11.324 10.934 17.863 4.399 2.258 13.141 6.779 3.889 
BB4 14.299 10.744 5.858 18.830 7.451 6.054 21.374 3.757 2.307 19.464 11.651 9.900 
BB5 22.223 3.465 2.937 22.851 7.536 7.431 16.730 2.453 1.179 17.418 7.041 5.354 
BB6 17.652 8.244 5.549 12.004 16.062 8.319 17.864 6.141 3.151 17.249 12.457 9.379 
BB7 16.959 1.519 0.982 11.397 16.165 7.950 18.037 1.032 0.535 21.839 9.571 9.124 
BB8 17.219 4.338 2.849 19.992 5.309 4.580 17.712 <1.00 --- 22.587 4.449 4.387 
BB9 N.F. 2.859 --- N.F. 2.948 --- N.F. 1.639 --- N.F. 3.390 --- 
A Cannot be calculated. 
 Table A-70. Average bioavailable metal fractions (µg/g) for all sampling dates collected 
from Massac creek, Big and Little Bayou creeks. N.D. indicates not detected. 
 
 Ag Be Cd Cr Cu   
 
Station Spring Summer Spring Summer Spring Summer Spring Summer Spring Summer 
 
MC 0.007 0.007 0.44 0.25 N.D. N.D. 1.44 1.44 0.29 0.20 
BB1A 0.003 0.110 0.38 0.29 N.D. N.D. 0.63 0.63 0.56 0.56 
BB1 0.004 0.097 0.26 0.21 N.D. N.D. 0.38 0.38 0.62 0.62 
BB2 0.011 0.085 0.36 0.18 N.D. N.D. 0.51 0.51 0.58 0.37 
BB3 0.011 0.011 0.36 0.18 N.D. N.D. 0.36 0.36 1.03 0.50 
BB4 0.036 0.361 0.35 0.45 N.D. N.D. 0.37 0.37 3.17 2.05 
BB5 0.046 0.292 0.40 0.25 N.D. N.D. 0.44 0.31 1.82 1.32 
BB6 0.389 0.833 0.86 0.85 0.14 0.24 0.53 0.79 3.62 3.63 
BB7 0.378 0.612 0.61 0.90 1.30 0.46 0.64 0.71 3.41 2.41 
BB8 0.459 0.941 0.59 1.16 0.07 0.22 0.54 1.10 2.25 2.50 
BB9 0.021 0.108 0.97 0.66 0.02 0.14 N.D. N.D. 0.92 1.23 
           
LB2 0.037 0.490 0.53 0.53 0.02 0.74 1.42 0.99 3.29 2.46 
LB3 0.016 0.203 0.33 0.10 0.25 0.16 1.68 N.D. 1.23 2.83 
LB4 0.140 0.481 0.77 0.13 0.08 N.D. 1.79 0.99 1.13 1.27 
           
 
 Fe Ni Pb Zn  
 
Station Spring Summer Spring Summer Spring Summer Spring Summer   
 
MC 305.1 164.0 3.85 2.40 0.43 0.08 5.30 2.87   
BB1A 517.0 211.0 1.90 1.90 N.D. 0.12 2.70 1.47   
BB1 260.5 120.7 1.75 1.75 N.D. 0.13 1.93 2.90   
BB2 375.2 320.5 2.19 2.62 N.D. 0.35 3.33 3.78   
BB3 332.3 188.6 2.14 1.93 1.05 0.17 4.70 5.30   
BB4 217.1 91.0 1.30 1.05 0.40 0.15 5.45 3.78   
BB5 393.8 585.3 1.04 2.23 0.29 0.32 4.07 3.81   
BB6 220.9 169.7 4.11 4.31 1.89 0.49 6.25 5.20   
BB7 176.0 170.8 2.64 3.01 1.20 0.26 16.03 7.37   
BB8 270.2 143.4 5.18 6.84 0.94 0.82 3.99 3.71 
BB9 605.1 207.8 12.78 8.37 0.30 0.40 3.66 3.29 
         
LB2 --- --- 4.22 1.72 3.82 1.90 19.27 4.54 
LB3 --- --- 1.14 3.09 2.25 0.30 11.25 3.18 
LB4 --- --- 3.14 5.16 N.D. 0.32 5.01 5.33 
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 Table A-71. Average silver concentrations (µg/g wet weight) in sediments from Massac 
creek, Big and Little Bayou creeks, and major effluents collected 2001-2005.  
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 0.13 0.35 0.06 0.02 0.02 0.11 --- <0.25 
BB1A 0.02 0.05 0.03 0.02 0.03 0.08 0.01 <0.25 
BB1 0.02 0.02 0.02 0.03 0.02 0.08 0.03 <0.25 
BB2 0.03 0.04 0.05 0.02 0.02 0.09 0.01 <0.25 
BB3 0.05 0.02 0.05 0.01 0.02 0.08 0.05 <0.25 
008 ---a --- --- --- 0.07 0.15 0.01 <0.25 
BB4 0.03 0.04 0.10 0.03 0.03 0.07 0.02 <0.25 
006 --- --- --- --- 0.02 0.08 0.03 <0.25 
BB5 0.01 0.06 0.04 0.03 0.01 0.07 0.01 <0.25 
001 --- --- --- --- 0.03 0.06 0.01 <0.25 
BB6 0.03 0.04 0.07 0.03 0.03 0.10 0.02 <0.25 
BB7 0.04 0.05 0.05 0.03 0.02 0.08 0.02 <0.25 
BB8 0.03 0.04 0.04 0.03 0.02 0.09 0.01 <0.25 
BB9 0.03 0.04 0.08 0.04 0.02 0.10 0.01 <0.25 
 
LB1 0.04 0.06 0.04 0.06 0.02 0.08 --- <0.25 
LB2A 0.02 0.07 0.07 0.02 0.01 0.08 0.01 <0.25 
010+011 --- --- 0.02 --- 0.02 0.07 0.01 <0.25 
LB2 0.03 --- 0.02 0.02 0.01 0.06 0.02 <0.25 
LB3 0.02 0.02 0.04 0.01 0.02 0.08 0.02 <0.25 
LB4 0.02 0.03 0.03 0.04 0.03 0.07 0.00 <0.25 
 
 
a Sample not collected. 
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 Table A-72. Average beryllium concentrations (µg/g wet weight) in sediments from 
Massac creek, Big and Little Bayou creeks, and major effluents collected 2001-2005.  
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 0.48 0.56 <18.86 0.21 0.20 0.22 --- 0.55 
BB1A 0.21 0.53 <19.59 0.29 0.39 0.24 <0.22 <0.25 
BB1 0.34 0.65 <19.45 0.53 0.24 0.41 0.48 0.47 
BB2 0.45 0.66 <23.28 0.22 0.20 0.24 0.32 0.48 
BB3 0.57 0.24 <21.90 <0.19 0.28 0.29 0.29 <0.25 
008 ---a --- --- --- 0.37 0.32 0.35 0.29 
BB4 0.19 0.54 <19.16 0.35 0.25 0.20 0.36 0.28 
006 --- --- --- --- 0.26 0.24 0.31 0.53 
BB5 0.14 0.70 <17.53 0.23 0.19 0.29 0.27 0.42 
001 --- --- --- --- 0.28 0.33 0.24 0.75 
BB6 0.36 0.75 <24.57 0.36 0.22 0.23 <0.24 <0.25 
BB7 0.39 0.53 <22.72 0.31 0.52 0.28 0.23 <0.25 
BB8 0.31 0.49 <19.23 0.26 0.22 0.29 <0.22 <0.25 
BB9 0.29 0.61 <21.70 0.39 0.58 0.34 0.28 0.39 
 
LB1 0.71 0.61 <20.35 0.39 0.69 0.32 --- 0.63 
LB2A 0.26 0.81 <17.71 0.33 0.28 0.56 0.50 0.36 
010+011 --- --- <25.73 --- 0.25 0.30 0.35 0.58 
LB2 0.34 --- <24.22 0.30 0.32 0.35 0.34 0.31 
LB3 0.18 1.01 <15.64 0.53 0.67 0.73 0.80 <0.25 
LB4 0.12 0.23 <21.79 0.35 0.23 0.24 <0.24 0.85 
 
 
a Sample not collected. 
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 Table A-73. Average cadmium concentrations (µg/g wet weight) in sediments from 
Massac creek, Big and Little Bayou creeks, and major effluents collected 2001-2005.  
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 0.03 0.01 0.64 0.56 0.64 0.65 --- 1.09 
BB1A 0.02 <0.01 0.40 0.75 1.08 0.65 0.55 0.57 
BB1 0.01 <0.01 0.28 1.19 0.65 1.06 1.22 1.10 
BB2 0.03 0.01 0.82 0.48 0.56 0.65 0.58 0.87 
BB3 0.02 <0.01 0.68 0.59 0.79 0.92 1.06 0.68 
008 ---a --- --- --- 1.09 1.18 0.91 0.76 
BB4 0.02 0.01 1.26 1.15 0.73 0.58 0.93 0.62 
006 --- --- --- --- 0.70 1.15 0.78 0.87 
BB5 0.02 0.02 0.47 0.58 0.68 0.90 0.74 1.25 
001 --- --- --- --- 0.58 0.55 0.44 1.95 
BB6 0.02 <0.01 0.75 0.48 0.89 0.60 0.43 0.60 
BB7 0.03 0.02 1.02 0.65 1.01 0.87 0.73 0.56 
BB8 0.03 0.01 0.64 0.56 0.52 0.68 0.46 0.41 
BB9 0.05 <0.01 0.81 0.64 1.08 0.84 0.74 0.65 
 
LB1 0.05 0.01 0.83 0.88 1.65 1.31 --- 1.26 
LB2A 0.03 0.02 1.73 0.60 0.68 1.59 0.99 0.71 
010+011 --- --- 0.62 --- 0.70 0.78 0.78 1.17 
LB2 0.03 --- 0.75 0.67 0.75 0.79 0.71 0.58 
LB3 0.02 <0.01 1.98 1.15 1.56 2.12 1.91 0.42 
LB4 0.02 <0.01 0.40 0.66 0.63 0.52 0.40 1.32 
 
 
a Sample not collected. 
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 Table A-74. Average chromium concentrations (µg/g wet weight) in sediments from 
Massac creek, Big and Little Bayou creeks, and major effluents collected 2001-2005. 
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 10.15 11.41 9.91 9.15 9.33 9.38 --- 40.95 
BB1A 8.71 3.94 5.75 10.69 65.64 5.90 8.46 9.67 
BB1 18.61 63.54 4.20 16.44 28.87 19.37 25.48 19.42 
BB2 25.30 7.79 14.54 7.09 6.55 6.66 12.47 21.46 
BB3 37.24 6.48 8.84 5.54 36.56 8.61 17.47 7.23 
008 ---a --- --- --- 46.51 20.25 14.13 9.70 
BB4 12.60 9.58 32.18 37.06 24.70 7.85 22.09 12.26 
006 --- --- --- --- 8.32 6.89 10.01 20.96 
BB5 7.52 8.73 9.55 8.85 11.57 8.78 9.36 18.41 
001 --- --- --- --- 15.70 9.66 9.51 31.12 
BB6 12.65 13.02 13.62 7.19 62.38 7.26 9.03 9.83 
BB7 21.32 8.22 24.75 12.22 56.45 13.17 17.81 7.72 
BB8 13.72 7.13 16.82 7.51 7.88 7.64 6.90 6.26 
BB9 18.15 5.07 8.94 9.24 69.54 27.32 9.86 13.40 
 
LB1 18.89 7.55 7.76 8.36 24.32 12.83 --- 9.69 
LB2A 16.99 10.69 22.42 9.82 19.97 24.22 16.81 14.18 
010+011 --- --- 17.94 --- 102.10 19.92 17.48 31.06 
LB2 28.09 --- 5.84 13.72 50.17 12.47 16.58 28.66 
LB3 15.70 30.02 37.53 32.15 119.45 29.64 50.42 14.88 
LB4 14.32 10.95 80.24 17.78 728.03 14.63 24.74 13.92 
 
a Sample not collected. 
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 Table A-75. Average copper concentrations (µg/g wet weight) in sediments from Massac 
creek, Big and Little Bayou creeks, and major effluents collected 2001-2005. 
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 3.99 5.28 1.41 1.70 1.93 1.36 --- 3.83 
BB1A 2.89 3.04 1.15 2.74 3.35 3.96 4.27 2.96 
BB1 2.20 1.96 1.00 3.29 1.53 2.73 2.88 3.12 
BB2 3.62 3.40 1.90 1.92 2.72 2.61 4.14 2.79 
BB3 2.76 <19.98 1.48 1.01 1.73 4.05 2.61 1.50 
008 ---a --- --- --- 10.61 27.57 5.11 6.85 
BB4 1.35 3.95 2.25 3.78 2.69 2.08 3.22 1.71 
006 --- --- --- --- 4.55 5.03 5.32 7.50 
BB5 0.56 6.89 1.12 2.70 1.80 2.51 2.70 2.60 
001 --- --- --- --- 11.59 14.06 12.78 6.86 
BB6 2.55 3.19 4.66 1.74 2.63 4.88 1.92 3.59 
BB7 4.24 8.67 2.07 2.45 4.02 3.90 3.66 3.47 
BB8 5.16 3.46 1.43 3.60 4.08 4.22 3.64 3.00 
BB9 4.85 3.32 5.35 4.49 4.24 8.26 4.44 3.49 
 
LB1 10.33 5.05 5.72 7.04 8.90 9.80 --- 8.06 
LB2A 3.29 2.61 5.78 3.03 3.56 4.23 3.69 2.89 
010+011 --- --- 4.74 --- 7.63 6.79 3.87 5.45 
LB2 4.29 --- 2.57 3.98 4.27 4.85 4.57 4.60 
LB3 2.54 2.90 6.66 4.56 6.26 8.23 8.03 3.14 
LB4 2.84 2.56 2.79 4.89 4.37 3.92 2.73 22.24 
 
a Sample not collected. 
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 Table A-76. Average iron concentrations (µg/g wet weight) in sediments from Massac 
creek, Big and Little Bayou creeks, and major effluents collected 2001-2005. 
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 7759.2 9058.4 7398.5 5707.8 71438.3 4886.5 --- 18324.8 
BB1A 6742.5 6677.2 5293.9 6743.1 131051.0 5002.2 10067.7 6906.0 
BB1 7186.5 10157.8 3913.9 10442.0 77137.1 9929.9 22569.3 10123.2 
BB2 7940.2 7017.3 9483.0 5666.3 62186.7 4794.7 10907.9 10495.5 
BB3 8580.3 5123.0 7850.9 4473.4 93006.5 8362.8 14988.1 6201.3 
008 ---a --- --- --- 126461.2 7163.4 16240.5 9169.9 
BB4 7087.9 7544.9 11692.5 8414.1 83250.3 4226.9 18200.0 7825.8 
006 --- --- --- --- 82123.7 4984.5 14862.9 9100.1 
BB5 5535.4 10233.9 5673.9 6510.5 82372.0 8131.8 14801.1 13235.0 
001 --- --- --- --- 64063.9 3644.8 5931.5 16896.6 
BB6 7062.4 10205.3 8783.5 5498.4 112221.3 5499.7 7314.2 7773.7 
BB7 8103.8 7422.1 10966.4 6894.9 125922.3 6788.8 13749.4 7282.9 
BB8 6531.1 6815.0 7331.9 6124.2 60288.5 5314.1 8093.8 5367.6 
BB9 6796.8 6338.8 8821.6 7384.5 134711.2 6662.5 9045.7 8434.9 
 
LB1 8046.9 8806.7 9382.2 9443.7 206875.2 14065.5 --- 12165.5 
LB2A 7008.6 7486.5 14533.0 6664.7 78143.4 13067.0 19278.0 9675.7 
010+011 --- --- 6678.7 --- 76200.8 5832.6 15036.3 11571.6 
LB2 7622.3 --- 8778.0 6435.9 88326.5 6201.8 13840.8 7546.6 
LB3 6822.4 10583.4 14813.2 10722.5 195150.3 22403.7 38982.4 5508.7 
LB4 5313.7 5119.6 5341.7 6466.0 64306.2 3602.0 5900.7 12154.6 
 
a Sample not collected. 
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 Table A-77. Average nickel concentrations (µg/g wet weight) in sediments from Massac 
creek, Big and Little Bayou creeks, and major effluents collected 2001-2005. 
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 19.65 5.82 1.81 2.19 2.58 2.11 --- 5.22 
BB1A 10.76 5.10 1.34 3.50 4.06 4.47 4.93 3.09 
BB1 11.98 3.83 1.20 3.67 2.04 3.28 3.81 3.61 
BB2 9.22 5.73 2.41 2.38 3.30 3.16 4.21 3.75 
BB3 7.27 <4.00 1.90 1.44 2.49 3.89 3.41 1.79 
008 ---a --- --- --- 6.80 16.87 4.93 3.76 
BB4 4.22 3.87 3.25 3.02 2.99 2.20 3.50 2.21 
006 --- --- --- --- 5.04 3.75 5.70 4.49 
BB5 2.03 6.78 1.49 2.62 2.77 2.76 3.34 2.62 
001 --- --- --- --- 6.44 6.29 5.58 7.58 
BB6 4.82 4.60 3.61 2.64 2.62 4.00 2.01 3.14 
BB7 6.10 7.26 3.08 3.25 4.70 3.82 4.12 3.29 
BB8 18.95 6.87 1.68 3.71 4.07 4.13 4.68 3.14 
BB9 12.52 5.54 5.57 4.52 5.86 7.63 5.39 4.29 
 
LB1 42.09 7.33 4.77 6.55 8.00 6.73 --- 6.82 
LB2A 6.60 6.16 6.29 3.72 4.23 5.04 5.01 3.77 
010+011 --- --- 3.49 --- 4.79 4.33 5.32 5.90 
LB2 8.81 --- 2.68 3.87 4.69 4.39 4.75 3.96 
LB3 6.86 6.42 6.02 4.94 6.70 6.57 7.20 2.96 
LB4 6.17 3.90 1.34 5.57 2.21 3.18 1.43 5.07 
 
a Sample not collected. 
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 Table A-78. Average lead concentrations (µg/g wet weight) in sediments from Massac 
creek, Big and Little Bayou creeks, and major effluents collected 2001-2005. 
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 6.51 5.13 5.10 4.22 13.20 11.50 --- 8.08 
BB1A 7.16 5.95 3.72 6.00 19.89 12.37 36.51 5.56 
BB1 5.78 4.57 2.96 8.87 12.03 17.23 49.53 7.96 
BB2 15.09 5.36 5.48 5.34 12.22 12.17 45.42 6.86 
BB3 11.89 2.48 3.47 3.02 14.66 16.16 41.24 3.20 
008 ---a --- --- --- 19.25 22.03 46.72 5.93 
BB4 3.14 5.55 8.22 6.07 13.49 10.40 46.60 3.84 
006 --- --- --- --- 15.20 13.16 44.57 8.19 
BB5 2.46 7.63 2.71 5.05 12.74 13.89 41.45 5.20 
001 --- --- --- --- 11.43 8.94 36.17 12.88 
BB6 9.48 5.30 9.31 3.41 17.65 13.67 36.95 5.34 
BB7 8.59 6.00 4.60 5.38 22.10 14.16 37.36 5.79 
BB8 10.66 7.09 4.79 6.07 11.52 13.70 35.54 4.88 
BB9 10.23 5.05 7.13 6.69 21.10 16.27 36.83 6.39 
 
LB1 22.02 6.78 7.40 9.57 18.40 23.35 --- 14.36 
LB2A 10.10 5.10 18.82 4.54 12.94 23.70 47.96 7.71 
010+011 --- --- 5.49 --- 13.18 13.77 43.70 11.54 
LB2 8.89 --- 3.91 5.49 14.07 13.74 40.91 6.19 
LB3 7.61 8.49 12.96 9.41 26.17 12.26 70.34 5.27 
LB4 6.12 4.58 3.52 6.61 11.75 9.90 36.61 16.86 
 
a Sample not collected. 
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Table A-79. Average zinc concentrations (µg/g wet weight) in sediments from Massac 
creek, Big and Little Bayou creeks, and major effluents collected 2001-2005. 
 
 Collection Date 
 
Sampling Feb. Aug.  Jun.  Mar.  Sept.  Mar.  Oct.  Mar.  
Station 2001 2001 2002 2003 2003 2004 2004 2005 
 
MC 17.98 11.40 5.09 5.83 7.56 5.18 --- 12.65 
BB1A 17.13 14.42 4.85 9.12 10.72 14.15 46.29 10.74 
BB1 13.11 7.53 3.88 11.76 6.43 10.21 55.99 10.90 
BB2 31.58 19.68 8.28 8.14 10.66 11.16 72.70 12.24 
BB3 15.13 6.57 7.48 7.47 11.92 38.01 65.96 6.59 
008 ---a --- --- --- 36.39 41.50 70.08 24.10 
BB4 12.78 18.32 10.67 16.52 13.54 10.97 70.35 10.09 
006 --- --- --- --- 16.39 12.60 71.72 15.31 
BB5 <10.54 23.93 5.47 9.09 6.33 5.82 60.01 7.50 
001 --- --- --- --- 31.14 24.72 139.04 22.34 
BB6 15.63 13.01 15.20 6.58 10.18 20.11 60.97 15.43 
BB7 21.91 31.10 10.69 10.66 28.04 14.73 64.53 14.66 
BB8 21.44 12.70 5.11 12.33 15.40 29.14 61.28 12.06 
BB9 25.69 16.49 25.88 22.98 19.63 25.97 67.22 16.83 
 
LB1 52.45 25.07 19.60 36.16 43.15 142.99 --- 45.57 
LB2A 19.06 12.06 21.57 14.69 25.72 22.33 67.42 17.85 
010+011 --- --- 33.00 --- 49.65 35.43 82.45 68.56 
LB2 27.80 --- 8.60 22.91 27.37 29.63 78.67 32.45 
LB3 22.96 21.93 31.32 24.61 35.85 51.02 94.35 20.59 
LB4 17.92 14.15 16.05 20.23 19.52 19.17 68.38 39.84 
a Sample not collected. 
 REFERENCES 
(1) Cairns; Jr., J.; van der Schalie, W. H. Biological Monitoring: Part 1 - Early 
Warning Systems. Water Research 1980, 14, 1179-1196. 
 
(2) Beeby, A. What do Sentinels Stand for? Environmental Pollution 2001, 112, 285-
298. 
 
(3) Lower, W. R.; Kendall, R. J. Sentinel Species and Sentinel Bioassay. In 
Biomarkers of Environmental Contamination; McCarthy, J. F., Shugart, L. R., 
Eds.; Lewis Publishers: Chelsea, MI, 1990; Vol. Chapter 18, pp 309-331. 
 
(4) National Research Council Animals as Sentinels of Environmental Health 
Hazards; National Academy Press, PB91-219576: Washington, DC, 1991. 160. 
 
(5) Powers, D. A. Fish as Model Systems. Science 1989, 246, 352-358. 
 
(6) Oak Ridge National Lab "Spatial and Temporal Variation in Biomonitoring 
Data," CONF-9011180--1, DE91 007843. Oak Ridge National Lab, TN. 1990, 43. 
 
(7) Yeardley Jr., R. B. Use of Small Forage Fish for Region Streams Wildlife Risk 
Assessment: Relative Bioaccumulation of Contaminants. Environ. Monitoring 
and Assessment 2000, 65, 559-585. 
 
(8) Peijnenburg, W. J. G. M.; Jager, T. Monitoring Approaches to Assess 
Bioaccessibility and Bioavailability of Metals: Matrix issues. Ecotoxicology and 
Environmental Safety 2003, 56, 63-77. 
 
(9) Fent, K. Ecotoxicological Effects at Contaminated Sites. Toxicology 2004, 205, 
223-240. 
 
(10) Meyer, J. S. The Utility of the Terms "bioavailability" and "bioavailable fraction" 
for Metals. Marine Environmental Research 2002, 53, 417-423. 
 
(11) Erickson, M. D. Analytical Chemistry of PCBs; 2nd edition ed.; CRC Press: Boca 
Raton, FL, 1997. 667. 
 
(12) Silberhorn, E. M.; Glauert, H. P.; Robertson, L. W. Carcinogenicity of 
Polyhalogenated Biphenyls: PCBs and PBBs. Critical Reviews in Toxicology 
1990, 20, 439-496. 
 
(13) Robison, W. A. Occurrence, Transport and Fate of Polychlorinated Biphenyls in 
Selected Aquatic Systems in Kentucky. Ph.D. Dissertation. School of Biological 
Sciences, University of Kentucky, Lexington, KY. 1998, 2 v. 
 
 314
 (14) Kassa, H.; Bisesi, M. S. Levels of Polychlorinated Biphenyls (PCBs) in Fish: The 
Influence on Local Decision Making About Fish Consumption. Journal of 
Environmental Health 2001, 63, 29-37. 
 
(15) Niimi, A. N.; Oliver, B. G. Biological Half-lives of Polychlorinated Biphenyl 
(PCB) Congeners in Whole Fish and Muscle of Rainbow Trout (Salmo gairdneri). 
Canadian Journal of Fisheries & Aquatic Sciences 1983, 40, 1388-1394. 
 
(16) Zaranko, D. T.; Griffiths, R. W.; Kaushik, N. K. Biomagnification of 
Polychlorinated Biphenyls Through a Riverine Food Web. Environmental 
Toxicology and Chemistry 1997, 16, 1463-1471. 
 
(17) Baker, J. E.; Capel, P. D.; Eisenreich, S. J. Influence of Colloids on Sediment-
water Partition Coefficients of Polychlorobiphenyl Congeners in Natural Waters. 
Environ. Sci. Technol. 1986, 20, 1136-1143. 
 
(18) Kukkonen, J.; Landrum, P. F. Distribution of Organic Carbon and Organic 
Xenobiotics Among Different Particle-size Fractions in Sediments. Chemosphere 
1996, 32, 1063-1076. 
 
(19) Franke, C.; Studinger, G.; Berger, G.; Bohling, S.; Bruckmann, U.; Cohors-
Fresenborg, D.; Johncke, U. The Assessment of Bioaccumulation. Chemosphere 
1994, 29, 1501-1514. 
 
(20) Lau, Y. L.; Oliver, B. G.; Krishnappan, B. G. Transport of Some Chlorinated 
Contaminants by the Water, Suspended Sediments, and Bed Sediments in the St. 
Clair and Detroit Rivers. Environ. Toxicol. Chem. 1989, 8, 293-301. 
 
(21) Bremle, G. Polychlorinated Biphenyls (PCB) in a River Ecosystem. Doctoral. 
Department of Ecology, Lund University, Lund, Sweden. 1997, 144. 
 
(22) Bush, B.; Shane, L. A.; Wahlen, M.; Brown, M. P. Sedimentation of 74 PCB 
Congeners in the Upper Hudson River. Chemosphere 1987, 16, 733-744. 
 
(23) Sethajintanin, D.; Anderson, K. A. Temporal Bioavailability of Organochlorine 
Pesticides and PCBs. Environ. Sci. Technol. 2006, 40, 3689-3695. 
 
(24) Safe, S. H. Polychlorinated Biphenyls (PCBs): Environmental Impact, 
Biochemical and Toxic Responses, and Implications for Risk Assessment. 
Critical Reviews in Toxicology 1994, 24, 87-149. 
 
(25) Colborrn, T.; Dumanoski, D.; Myers, J. P. Our Stolen Future. 
http://www.ourstolenfuture.org/Basics/Chemlist.htm  2007. 
 
(26) Zoeller, R. T.; Dowling, A. L. S.; Vas, A. A. Developmental Exposure to 
Polychlorinated Biphenyls Exerts Thyroid Hormone-Like Effects on the 
 315
 Expression of RC3/Neurogranin and Myelin Basic Protein Messenger 
Ribonucleic Acids in the Developing Rat Brain. Endocrinology 2000, 141, 181-
189. 
 
(27) Cheek, A. O.; Kow, K.; Chen, J.; McLachlan, J. A. Potential Mechanisms of 
Thyroid Disruption in Humans: Interaction of Organochlorine Compounds with 
Thyroid Receptor, Transthyretin, and Thyroid-binding Globulin. Environ. Health 
Perspectives 1999, 107, 273-278. 
 
(28) Agency for Toxic Substances & Disease Registry (ATSDR). Polychlorinated 
Biphenyl (PCB) Toxicity Standards and Regulations. Department of Health and 
Human Services; Atlanta GA, Ed. 
http://www.atsdr.cdc.gov/HEC/CSEM/pcb/standards_regulations.html  2007. 
 
(29) Kentucky Administrative Regulations (KAR). 401 KAR 5:031. Kentucky General 
Assembly; Legislative Research Commission, Frankfort, KY, 2007 
 
(30) U.S. EPA Quality Criteria for Water, 1986; U.S. Environmental Protection 
Agency. Office of Water Regulations and Standards,: Washington, DC, 1986; 
Vol. EPA 440/5-86-001. 1 v. (loose-leaf). 
 
(31) U.S. EPA. Ambient Water Quality Criteria for Polychlorinated Biphenyls. Office 
of Water Regulations and Standards; National Technical Information Service, 
EPA 440/5-80-068. 1980. 
 
(32) Code of Federal Regulations Title 21 - Food and Drugs, Tolerances for 
Polychlorinated Biphenyls (PCBs). 21CFR109.30. Dept. of Health Education and 
Welfare Public Health Service Food and Drug Administration, Rockville, MD, 
2006 
 
(33) U.S. EPA. 2004 National Listing of Fish Advisories, Fact Sheet. Office of Water; 
U.S. Environmental Protection Agency, Washington, DC, EPA-823-F-05-004. 
2005. 
 
(34) U.S. EPA. Great Lakes Water Quality Initiative Technical Support Document for 
Human Health Criteria and Values. U.S. Environmental Protection Agency; 
Office of Water, EPA-820-B95-007. 1995. 
 
(35) Kentucky Environmental and Public Protection Cabinet (KEPPC). 2006 
Integrated Report to Congress on Water Quality in Kentucky. Volume I, 305(b). 
Kentucky Division of Water; Frankfort KY, 2006. 
 
(36) U.S. EPA. Great Lakes Water Quality Initiative Documents for the Protection of 
Wildlife. U.S. Environmental Protection Agency; Office of Water, EPA-820-B95-
008. 1995. 
 
 316
 (37) Kentucky Division of Water. An Overview of Kentucky's Waters - 2004. 
Kentucky Division of Water, Ed. 
http://www.water.ky.gov/homepage_repository/overview.htm  2005. 
 
(38) Kentucky Environmental and Public Protection Cabinet (KEPPC). 2006 
Integrated Report to Congress on Water Quality in Kentucky. Volume II, 303(d). 
Kentucky Division of Water; Frankfort KY, 2006. 
 
(39) Birge, W. J.; Silberhorn, E. M.; Kercher, M. D.; Price, D. J. Additive Model for 
Determining Criterion-Based Standards for Regulating Mixtures of Metals in 
Freshwater Systems, In Proceedings 65th Annual Conference and Exposition, 
New Orleans, LA, September 20-24, 1992; Water Environment Federation, New 
Orleans, LA, 1992. AC92-020-002, pp 65-74. 
 
(40) Evans, D. H. The Fish Gill: Site of Action and Model for Toxic Effects of 
Environmental Pollutants. Environ. Health Perspectives 1987, 71, 47-58. 
 
(41) Wood, C. M. Flux Measurements as Indices of H+ and Metal Effects on 
Freshwater Fish. Aquatic Toxicology 1992, 22, 239-264. 
 
(42) Wood, C. M.; Adams, W. J.; Ankley, G. T.; DiBona, D. R.; Luoma, S. N.; Playle, 
R. C.; Stubblefield, W. A.; Bergman, H. L.; Erickson, R. J.; Mattice, J. S.; 
Schekat, W. A. Chapter 4: Environmental Toxicology of Metals. In Reassessment 
of Metals Criteria for Aquatic Life Protection; Bergman, H. L., Dorward-King, E. 
J., Eds.; Society of Environmental Toxicology and Chemistry (SETAC): 
Pensacola, FL, 1997; pp 31-56. 
 
(43) Holdway, D. A. Chromium in the Natural and Human Environments: The 
Toxicity of Chromium to Fish. In Advances in Environmental Science and 
Technology ; v. 20; Nriagu, J. O., Nieboer, E., Eds.; Wiley: New York, 1988; pp 
xiii, 571 p. 
 
(44) Farag, A. M.; Boese, C. J.; Woodward, D. F.; Bergman, H. L. Physiological 
Changes and Tissue Metal Accumulation in Rainbow Trout Exposed to 
Foodborne and Waterborne Metals. Environ. Toxicol. Chem. 1994, 13, 2021-
2029. 
 
(45) Sofyan, A.; Shaw, J. R.; Birge, W. J. Metal Trophic Transfer from Algae to 
Cladocerans and the Relative Importance of Dietary Metal Exposure. Environ. 
Toxicol. Chem. 2006, 25, 1034-1041. 
 
(46) Sofyan, A.; Rosita, G.; Price, D. J.; Birge, W. J. Cadmium Uptake by 
Ceriodaphnia dubia from Different Exposures: Relevance to Body Burden and 
Toxicity. Environ. Toxicol. Chem. 2007, 26, 470-477. 
 
 317
 (47) Kaag, N. H. B. M.; Foekema, E. M.; Scholten, M. C. T. Ecotoxicity of 
Contaminated Sediments, A Matter of Bioavailability. Water Science and 
Technology 1998, 37, 225-231. 
 
(48) Ratte, H. T. Bioaccumulation and Toxicity of Silver Compounds: A Review. 
Environmental Toxicology and Chemistry 1999, 18, 89-108. 
 
(49) Mountouris, A.; Voutsas, E.; Tassios, D. Bioconcentration of Heavy Metals in 
Aquatic Environments: The Importance of Bioavailability. Marine Pollution 
Bulletin 2002, 44, 1136-1141. 
 
(50) Hogstrand, C.; Wood, C. M. Toward a Better Understanding of the 
Bioavailability, Physiology, and Toxicity of Silver in Fish: Implications for Water 
Quality Criteria. Environmental Toxicology and Chemistry 1998, 17, 547-561. 
 
(51) Casarett, L. J.; Doull, J.; Klaassen, C. D. Casarett and Doull's Toxicology : The 
Basic Science of Poisons; 6th ed.; McGraw-Hill Medical Pub. Division: New 
York, 2001. xix, 1236. 
 
(52) Levey, J. S.; Greenhall, A. The Concise Columbia encyclopedia; Columbia 
University Press: New York, 1983. xv, 943 p. 
 
(53) Kramer, J. R.; Benoit, G.; Bowles, K. C.; Di Toro, D. M.; Herrin, R. T.; Luther 
III, G. W.; Manolopoulos, H.; Robillard, K. A.; Shafer, M. M.; Shaw, J. R. 
Environmental Chemistry of Silver. In Silver in the environment : transport, fate, 
and effects; Andren, A., Bober, T. W., Eds.; SETAC Press: Pensacola, Fl, 2002; 
pp xxii, 169 p. 
 
(54) Sofyan, A. Toxicity of metals to green algae and Ceriodaphnia dubia : The 
importance of water column and dietary exposures. University of Kentucky, 
Lexington, KY. 2004, x, 161 leaves. 
 
(55) Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological 
Profile for Silver. U.S. Department of Health and Human Services; Public Health 
Service; Atlanta, GA, CAS#7440-22-4. 1990. 
 
(56) Andren, A.; Bober, T. W. Silver in the environment : transport, fate, and effects; 
SETAC Press: Pensacola, Fl, 2002. xxii, 169 p. 
 
(57) Hogstrand, C.; Galvez, F.; Wood, C. W. Toxicity, Silver Accumulation and 
Metallothionein Induction in Freshwater Trout During Exposure to Different 
Silver Salts. Environ. Toxicol. Chem. 1996, 15, 1102-1108. 
 
(58) Wood, C. M.; La Point, T. W.; Armstrong, D. E.; Birge, W. J.; Brauner, C. J.; 
Brix, K. V.; Call, D. J.; Crecelius, E. A.; Davies, P. H.; Gorsuch, J. W.; 
Hogstrand, C.; Mahoney, J. D.; McGeer, J. C.; O'Connor, T. P. Biological Effects 
 318
 of Silver. In Silver in the environment : transport, fate, and effects; Andren, A., 
Bober, T. W., Eds.; SETAC Press: Pensacola, Fl, 2002; pp xxii, 169 p. 
 
(59) U.S. EPA. National Primary and Secondary Drinking Water Standards. Office of 
Water; U.S. Environmental Protection Agency; Washington; DC, EPA 816-F-03-
016. 2003. 
 
(60) U.S. EPA The Metals Translator: Guidance for Calculating a Total Recoverable 
Permit Limit from a Dissolved Criterion; United States Environmental Protection 
Agency Office of Water: Washington, DC, 1996; 
 
(61) U.S. EPA. National Recommended Water Quality Criteria. EPA-822-H-04-001 
and EPA-822-F-04-010. Office of Science and Technology; U.S. Environmental 
Protection Agency ; Office of Water, Washington, DC, 2004. 
 
(62) National Jewish Medical and Research Center. About Beryllium. 
http://www.nationaljewish.org/disease-info/diseases/occ-
med/beryllium/about/beryllium/about.aspx  2007. 
 
(63) Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological 
Profile for Beryllium. U.S. Department of Health and Human Services; Public 
Health Service; Atlanta, GA, CAS#7440-41-7. 2002. 
 
(64) Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological 
Profile for Cadmium. U.S. Department of Health and Human Services; Public 
Health Service; Atlanta, GA, CAS#7440-43-9. 1999. 
 
(65) Harte, J.; C., H.; Schneider, R.; Shirley, C. Toxics A to Z : A guide to everyday 
pollution hazards; University of California Press: Berkeley, 1991. xviii, 479 p. 
 
(66) Stoica, A.; Katzenellenbogen, B. S.; Martin, M. B. Activation of Estrogen 
Receptor-{alpha} by the Heavy Metal Cadmium. Mol Endocrinol 2000, 14, 545-
553. 
 
(67) Johnson, M. D.; Kenney, N.; Stoica, A.; Hilakivi-Clarke, L.; Singh, B.; Chepko, 
G.; Clarke, R.; Sholler, P. F.; Lirio, A. A.; Foss, C.; Reiter, R.; Trock, B.; Paik, S.; 
Martin, M. B. Cadmium Mimics the In vivo Effects of Estrogen in the Uterus and 
Mammary Gland. Nature Medicine 2003, 9, 1081-1084. 
 
(68) Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological 
Profile for Chromium, Update. U.S. Department of Health and Human Services; 
Public Health Service; Atlanta, GA, CAS#7440-47-3. 2000. 
 
(69) Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological 
Profile for Copper. U.S. Department of Health and Human Services; Public 
Health Service; Atlanta, GA, CAS#7440-50-8. 2004. 
 319
  
(70) Marr, J. C. A.; Lipton, J.; Cacela, D.; Hansen, J. A.; Bergman, H. L.; Meyer, J. S.; 
Hogstrand, C. Relationship between copper exposure duration, tissue copper 
concentration, and rainbow trout growth. Aquatic Toxicology 1996, 36, 17-30. 
 
(71) Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological 
Profile for Lead. U.S. Department of Health and Human Services; Public Health 
Service; Atlanta, GA, CAS#7439-92-1. 2005. 
 
(72) Telisman, S.; Cvitkovic, P.; Jurasovic, J.; Pizent, A.; Gavella, M.; Rocic, B. 
Semen Quality and Reproductive Endocrine Function in Relation to Biomarkers 
of Lead, Cadmium, Zinc, and Copper in Men. Environ. Health Perspectives 2000, 
108, 45-53. 
 
(73) Hanas, J. S.; Rodgers, J. S.; Bantle, J. A.; Cheng, Y.-G. Lead Inhibition of DNA-
Binding Mechanism of Cys2His2 Zinc Finger Proteins. Molecular Pharmacology 
1999, 56, 982-988. 
 
(74) U.S. EPA. Lead in Drinking Water: Basic Information. 
http://www.epa.gov/safewater/lead/basicinformation.html  2007. 
 
(75) Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological 
Profile for Nickel. U.S. Department of Health and Human Services; Public Health 
Service; Atlanta, GA, CAS#7440-02-0. 2005. 
 
(76) U.S. EPA. Technical Factsheet on: NICKEL. http://www.epa.gov/ogwdw/dwh/t-
ioc/nickel.html  2007. 
 
(77) Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological 
Profile for Zinc, Update. U.S. Department of Health and Human Services; Public 
Health Service; Atlanta, GA, CAS#7440-66-6. 2005. 
 
(78) Birge, W. J.; Price, D. J.; Shaw, J. R.; Spromberg, J. A.; Wigginton, A. J.; 
Hogstrand, C. Metal Body Burden and Biological Sensors as Ecological 
Indicators. Environ. Toxicol. Chem. 2000, 19, 1199-1212. 
 
(79) Clements, W. H.; Carlisle, D. M.; Lazorchak, J. M.; Johnson, P. C. Heavy Metals 
Structure Benthic Communities in Colorado Mountain Streams. Ecological 
Applications 2000, 10, 626-638. 
 
(80) Hickey, C. W.; Golding, L. A. Response of Macroinvertebrates to Copper and 
Zinc in a Stream Mesocosm. Environ. Toxicol. Chem. 2002, 21, 1854-1863. 
 
(81) Hirst, H.; Jüttner, I.; Ormerod, S. J. Comparing the Responses of Diatoms and 
Macroinvertebrates to Metals in Upland Streams of Wales and Cornwall. 
Freshwater Biology 2002, 47, 1752-1765. 
 320
  
(82) Birge, W. J.; Black, J. A.; Short, T. M. "Biological Monitoring Program for the 
Paducah Gaseous Diffusion Plant: Draft Annual Report, December 1988," 
University of Kentucky. 1988, 
 
(83) U.S. Enrichment Corp. (USEC). USEC Facilities. 
http://www.usec.com/v2001_02/HTML/facilities.asp  2007. 
 
(84) Jacobs EM Team; University of Tennessee. Remedial Investigation/Feasibility 
Study Workplan for the Surface Water Operable Unit at the Paducah Gaseous 
Diffusion Plan, Paducah, Kentucky. Department of EnegryDOE/OR/07-
1812&D1. 1999. 
 
(85) Kszos, L. A.; Hinzman, R. L.; Peterson, M. J.; Ryon, M. G.; Smith, J. G.; 
Southworth, G. R. Report on the Biological Monitoring Program at Paducah 
Gaseous Diffusion Plant December 1992 to December 1993. Environmental 
Sciences Division; Oak Ridge National Lab, TN, ORNL/TM-12716. 1994. 
 
(86) Paducah Environmental Management Program. Paducah Gaseous Diffusion Plant, 
Quick Facts. U.S. Department of Energy, 2001. 
 
(87) Southworth, G. R. PCB Concentrations in Stream Sunfish (Lepomis auritus and L. 
Macrochirus) in Relation to Proximity to Chronic Point Sources. Water, Air, and 
Soil Pollution 1990, 51, 287-296. 
 
(88) Peterson, M. J.; Southworth, G. R.; Loar, J. M. "An Assessment of the 
Bioaccumulation of PCBs and Chlordane Near the U.S. Department of Energy's 
Kansas City Plant," ORNL/TM-2003/226. Oak Ridge National Laboratory, Oak 
Ridge, TN. 2003, 
 
(89) McClane, A. J. McClane's Field Guide to Freshwater Fishes of North America; 
1st ed.; Holt, Rinehart and Winston: New York, 1978. xvii, 212. 
 
(90) Thompson, P. Thompson's Guide to Freshwater Fishes: How to Identify the 
Common Freshwater Fishes of North America: How to Keep Them in a Home 
Aquarium; Houghton Mifflin: Boston, 1985. [32]p. of col. plates maps, xi,205. 
 
(91) Rohde, F. C.; Parnell, J. F.; Lindquist, D. G. Freshwater fishes of the Carolinas, 
Virginia, Maryland, and Delaware; University of North Carolina Press: Chapel 
Hill, 1994. vi, 222 p., [248] p. of plates. 
 
(92) Werner, E. E.; Hall, D. J. Niche Shifts in Sunfishes: Experimental Evidence and 
Significance. Science 1976, 191, 404-406. 
 
(93) Werner, E. E.; Hall, D. J. Competition and Habitat Shift in Two Sunfishes 
(Centrarchidae). Ecology 1977, 58, 869-876. 
 321
  
(94) Etnier, D. A.; Starnes, W. C.; Bryant, R. T. The Fishes of Tennessee; University 
of Tennessee Press: Knoxville, Tennessee, 1993. xiv, 681. 
 
(95) Boschung, H. T. The Audubon Society Field Guide to North American Fishes, 
Whales and Dolphins; Alfred A. Knopf: New York, 1983. viii, 847. 
 
(96) Aadland, L. P. Stream Habitat Types: Their Fish Assemblages and Relationship to 
Flow. N. Amer. J. of Fish. Mngt. 1993, 13, 790-806. 
 
(97) Page, L. M.; Burr, B. M.; National Audubon Society.; National Wildlife 
Federation(United States); Roger Tory Peterson Institute. The Peterson Field 
Guide Series: A Field Guide to Freshwater Fishes [of] North America North of 
Mexico; Houghton Mifflin: Boston, Mass., 1991. [97]p of plates (chiefly col), 
xii,432. 
 
(98) Tomelleri, J. R.; Eberle, M. E. Fishes of the Central United States; University 
Press of Kansas: Lawrence, KS, 1990. 226. 
 
(99) Clay, W. M. The Fishes of Kentucky; Kentucky Department of Fish and Wildlife 
Resources: Frankfort, KY, 1975. 416. 
 
(100) Gerking, S. D. Evidence for the Concepts of Home Range and Territory in Stream 
Fishes. Ecology 1953, 34, 347-365. 
 
(101) Orth, D. J.; Maughan, O. E. Community Structure and Seasonal Changes in 
Standing Stocks of Fish in a Warm-water Stream. American Midland Naturalist 
1984, 112, 369-378. 
 
(102) Sanborn, J. R.; Childers, W. F.; Metcalf, R. L. Uptake of Three Polychlorinated 
Biphenyls, DDT and DDE by the Green Sunfish, Lepomis cyanellus Raf. Bull. 
Environ. Contam. Toxicol. 1975, 13, 209-217. 
 
(103) Sanborn, J. R.; Childers, W. F.; Hansen, L. G. Uptake and Elimination of 
[14C]Hexachlorobenzene (HCB) by the Green Sunfish, Lepomis cyanellus Raf., 
after Feeding Contaminated Food. J. Agric. Food Chem. 1977, 25, 551-553. 
 
(104) Safe, S. Metabolism, Uptake, Storage and Bioaccumulation. In Halogenated 
Biphenyls, Terphenyls, Naphthalenes, Dibenzodioxins and Related Products; 
Kimbrough, R. D., Ed.; Elsevier/North-Holland Biomedical Press: Amsterdam; 
New York, 1980; pp 81-107. 
 
(105) Lawrence, H. L. Hornyhead Time. Sports Afield 1960, 143, 80. 
 
 322
 (106) Lennon, R. E.; Parker, P. S. The Stoneroller, Campostoma anomalum 
(Rafinesque), in Great Smoky Mountains National Park. Transactions of the 
American Fisheries Society 1960, 89, 263-270. 
 
(107) Gunning, G. E.; Lewis, W. M. Age and Growth of Two Important Bait Species in 
a Cold-Water Stream in Southern Illinois. American Midland Naturalist 1956, 55, 
118-120. 
 
(108) Smith, O. R. The Breading Habits of the Stoneroller Minnow (Campostoma 
anomalum Rafinesque). Transactions of the American Fisheries Society 1935, 65, 
148-151. 
 
(109) Fowler, J. F.; Taber, C. A. Food Habits and Feeding Periodicity in Two Sympatric 
Stonerollers (Cyprinidae). American Midland Naturalist 1985, 113, 217-224. 
 
(110) Sellman, S. M.; Johansen, J. R.; Coburn, M. M. Using Fish to Sample Diatom 
Composition in Streams: Are Intestinal Floras Representative of Natural 
Substrates? J Phycol 2001, 37, 44-44. 
 
(111) Napolitano, G. E.; Shantha, N. C.; Hill, W. R.; Luttrell, A. E. Lipid and Fatty 
Acid Compositions of Stream Periphyton and Stoneroller Minnows (Campostoma 
anomalum): Trophic and Environmental Implications. Arch. Hydrobiol. 1996, 
137, 211-225. 
 
(112) Gelwick, F. P.; Stock, M. S.; Matthews, W. J. Effects of Fish, Water Depth, and 
Predation Risk on Patch Dynamics in a North-temperate River Ecosystem. Oikos 
1997, 80, 382-398. 
 
(113) Matthews, W. J.; Power, M. E.; Stewart, A. J. Depth Distribution of Campostoma 
Grazing Scars in an Ozark Stream. Environmental Biology of Fishes 1986, 17, 
291-297. 
 
(114) Gelwick, F. P.; Matthews, W. J. Effects of Algivorous Minnows (Campostoma) 
on Spatial and Temporal Heterogeneity of Stream Periphyton. Oecologia 1997, 
112, 386-392. 
 
(115) Stewart, A. J.; Hill, W. R.; Boston, H. L. Grazers, Periphyton and Toxicant 
Movement in Streams. Environ. Toxicol. Chem. 1993, 12, 955-957. 
 
(116) Hill, W. R.; Napolitano, G. E. PCB Congener Accumulation by Periphyton, 
Herbivores, and Omnivores. Arch. Environ. Contam. Toxicol. 1997, 32, 449-455. 
 
(117) Larsson, P. Zooplankton and Fish Accumulate Chlorinated Hydrocarbons from 
Contaminated Sediments. Canadian Journal of Fisheries & Aquatic Sciences 
1986, 43, 1463-1466. 
 
 323
 (118) Meharg, A. A.; Wright, J.; Leeks, G. J. L.; Wass, P. D.; Owens, P. N.; Walling, D. 
E.; Osborn, D. PCB Congener Dynamics in a Heavily Industrialized River 
Catchment. The Science of The Total Environment 2003, 314-316, 439-450. 
 
(119) Thomann, R. V. Bioaccumulation Model of Organic Chemical Distribution in 
Aquatic Food Chains. Environ. Sci. Technol. 1989, 23, 699-707. 
 
(120) Kwon, Y.-T.; Lee, C.-W. Ecological Risk Assessment of Sediment in Wastewater 
Discharging Area by Means of Metal Speciation. Microchemical Journal 2001, 
70, 255-264. 
 
(121) Walling, D. E.; Owens, P. N.; Carter, J.; Leeks, G. J. L.; Lewis, S.; Meharg, A. 
A.; Wright, J. Storage of Sediment-associated Nutrients and Contaminants in 
River Channel and Floodplain Systems. Applied Geochemistry 2003, 18, 195-220. 
 
(122) Lecce, S. A.; Pavlowsky, R. T. Storage of Mining-related Zinc in Floodplain 
Sediments, Blue River, Wisconsin. Physical Geography 1997, 18, 424-439. 
 
(123) Lecce, S. A.; Pavlowsky, R. T. Spatial and Temporal Variations in the Grain-size 
Characteristics of Historical Flood Plain Deposits, Blue River, Wisconsin, USA. 
Geomorphology 2004, 61, 361-371. 
 
(124) Dawson, E. J.; Macklin, M. G. Speciation of Heavy Metals in Floodplain and 
Flood Sediments: A Reconnaissance Survey of the Aire Valley, West Yorkshire, 
Great Britain. Environ. Geo. Health 1998, 20, 67-76. 
 
(125) Owens, P. N.; Walling, D. E.; Carton, J.; Meharg, A. A.; Wright, J.; Leeks, G. J. 
L. Downstream Changes in the Transport and Storage of Sediment-associated 
Contaminants (P, Cr and PCBs) in Agricultural and Industrialized Drainage 
Basins. The Science of The Total Environment 2001, 266, 177-186. 
 
(126) Malmon, D. V.; Dunne, T.; Reneau, S. L. Predicting the Fate of Sediment and 
Pollutants in River Floodplains. Environ. Sci. Technol. 2002, 36, 2026-2032. 
 
(127) Code of Federal Regulations (CFR). National Primary Drinking Water 
Regulations. 40 CFR 141.1, Title 40, Volume 19. U.S. Environmental Protection 
Agency; U.S. Environmental Protection Agency, 2002. 
 
(128) Landner, L.; Reuther, R. Metals in society and in the environment : a critical 
review of current knowledge on fluxes, speciation, bioavailability and risk for 
adverse effects of copper, chromium, nickel and zinc; Kluwer Academic: 
Dordrecht ; London, 2004. xx, 406 p. 
 
(129) U.S. EPA. Aquatic Life Ambient freshwater Quality Criteria - Copper. Office of 
Water Regulations and Standards; National Technical Information Service, EPA 
822-R-07-001. 2007. 
 324
  
(130) Price, D. J.; Birge, W. J. Use of Sunfish and Stoneroller Minnows as Real-Time 
In Situ Biomonitors of PCB Contamination in Freshwater Streams. Environ. Sci. 
Technol. 2006, 40, 4388-4393. 
 
(131) U.S. Geological Survey (USGS). NWISWeb Data for Kentucky. 
http://waterdata.usgs.gov/ky/nwis/  2005. 
 
(132) Price, D. J.; Beiting, M. G.; Birge, W. J. Portable Floating Electrofishing Unit for 
Fish Collections in Freshwater Stream Systems. N. Amer. J. of Fish. Mngt. 2003, 
23, 974-977. 
 
(133) U.S. EPA "Test Methods for Evaluating Solid Wastes, SW-846, Final Update 3," 
Office of Solid Waste and Emergency Response. 1997, 
 
(134) Boxrucker, J. A Comparison of the Otolith and Scale Methods for Aging White 
Crappies in Oklahoma. N. Amer. J. of Fish. Mngt. 1986, 6, 122-125. 
 
(135) Watts, R. R. Analysis of Pesticide Residues in Human and Environmental 
Samples. A Compilation of Methods Selected for use in Pesticide Monitoring 
Programs. EPA/600/8-80/033.; Section 5, A, 1 ed.; U.S. EPA: Research Triangle 
Park, NC, 1980; 
 
(136) Jensen, S.; Renberg, L.; Reutergådh, L. Residue Analysis of Sediment and 
Sewage Sludge for Organochlorines in the Presence of Elemental Sulfur. Anal 
Chem. 1977, 49, 316-318. 
 
(137) ASTM Standard Practice for Preparation of Sediment Samples for Chemical 
Analysis. D 3976-88; ASTM: Philadelphia, PA, 1989; Vol. 11.02. 598-600. 
 
(138) Shaw, J. R.; Wood, C. M.; Birge, W. J.; Hogstrand, C. Toxicity of Silver to the 
Marine Teleost (Oligocottus maculosus) Effects of Salinity and Ammonia. 
Environ. Toxicol. Chem. 1998, 17, 594-600. 
 
(139) Walling, D. E. The Sediment Delivery Problem. Journal of Hydrology 1983, 65, 
209-237. 
 
(140) Sokol, R. C.; Bethoney, C. M.; Rhee, G.-Y. Effect of Aroclor 1248 Concentration 
on the Rate and Extent of Polychlorinated Biphenyl Dechlorination. Environ. 
Toxicol. Chem. 1998, 17, 1922-1926. 
 
(141) Shacklette, H. T.; Boerngen, J. G.; Geological Survey (U.S.) Element 
concentrations in soils and other surficial materials of the conterminous United 
States; U.S. Dept. of the Interior Geological Survey; USGS: Reston, Va., 
Alexandria, Va., 1984. iv, 105. 
 
 325
 (142) Brady, N. C. The nature and properties of soils; 10th ed.; Macmillan; Collier 
Macmillan: New York, London, 1990. xv, 621 p., [624] p. of plates. 
 
(143) Hutzinger, O.; Nash, D. M.; Safe, S.; DeFreitas, A. S. W.; Norstrom, R. J.; 
Wildish, D. J.; Zitko, V. Polychlorinated Biphenyls: Metabolic Behavior of Pure 
Isomers in Pigeons, Rats, and Brook Trout. Science 1975, 178, 312-314. 
 
(144) Linkov, I.; Ames, M. R.; Crouch, E. A. C.; Satterstrom, F. K. Uncertainty in 
Octanol-Water Partition Coefficient: Implications for Risk Assessment and 
Remedial Costs. Environ. Sci. Technol. 2005, 39, 6917-6922. 
 
(145) Barron, M. G. Bioconcentration: Will Water-Borne Organic Chemicals 
Accumulate in Aquatic Animals? Environ. Sci. Technol. 1990, 24, 1612-1618. 
 
(146) Stapleton, H. M.; Letcher, R. J.; Baker, J. E. Metabolism of PCBs by the 
Deepwater Sculpin (Myoxocephalus thompsoni). Environ. Sci. Technol. 2001, 35, 
4747-4752. 
 
(147) U.S. EPA "Polychlorinated Biphenyls (PCBs) Update: Impact on Fish 
Advisories," Office of Water, EPA/823/F-99/019. 1999, 7. 
 
(148) World Health Organization "Polychlorinated Biphenyls and Terphenyls, 
Environmental Health Criteria 2," Geneva: World Health Organization. 1976, 85. 
 
(149) Jenkins, K. D.; Lee, C. R.; Hobson, J. F. A hazardous waste site at the Naval 
Weapons Station, Concord, CA. In Fundamentals of aquatic toxicology : effects, 
environmental fate, and risk assessment; 2nd. ed.; Rand, G. M., Ed.; Taylor & 
Francis: Washington, D.C., 1995; pp 883-901. 
 
(150) Chevreuil, M.; Grainier, L. Seasonal Cycle of Polychlorinated Biphenyls in the 
Waters of the Catchment Basin on the River Seine (France). Water, Air, and Soil 
Pollution 1991, 59, 217-229. 
 
(151) Cushing, C. E.; Minshall, G. W.; Newbold, J. D. Transport Dynamics of Fine 
Particulate Organic Matter in Two Idaho Streams. Limnology and Oceanography 
1993, 38, 1101-1115. 
 
(152) Opperhuizen, A.; Stokkel, R. C. A. M. Influence of contaminated particles on the 
bioaccumulation of hydrophobic organic micropollutants in fish. Environmental 
Pollution 1988, 51, 165-177. 
 
(153) Birge, W. J.; Black, J. A.; Short, T. M. "Biological Monitoring Program for the 
Paducah Gaseous Diffusion Plant: Two-Year Report, December 1989," 
University of Kentucky. 1989, 
 
 326
 (154) Larsson, P.; Okla, L.; Rydin, S. O.; Westoo, B. Contaminated Sediment as a 
Source of PCBs in a River System. Canadian Journal of Fisheries & Aquatic 
Sciences 1990, 47, 746-754. 
 
(155) Butcher, J. B.; Gauthier, T. D.; Garvey, E. A. Use of Historical PCB Aroclor 
Measurements: Hudson River Fish Data. Environmental Toxicology and 
Chemistry 1997, 16, 1618-1623. 
 
(156) Hutzinger, O.; Safe, S.; Zitko, V. The chemistry of PCBs; CRC Press: Cleveland, 
OH, 1974. 269 p. 
 
(157) Bolgar, M.; Cunningham, J.; Cooper, R.; Kozloski, R.; Hubball, J.; Miller, D. P.; 
Crone, T.; Kimball, H.; Janooby, A.; Miller, B.; Fairless, B. Physical, Spectral 
and Chromatographic Properties of All 209 Individual PCB Congeners. 
Chemosphere 1995, 31, 2687-2705. 
 
(158) Elskus, A. A.; Stegeman, J. J.; Gooch, J. W. Polychlorinated Biphenyl Congener 
Distributions in Winter Flounder as Related to Gender, Spawning Site, and 
Congener Metabolism. Environ. Sci. Technol 1994, 28, 401-407. 
 
(159) Frame, G. M. Improved Procedure for Single DB-XLB Column GC-MS-SIM 
Quantitation of PCB Congener Distributions and Characterization of Two 
Different Preparations Sold as "Aroclor 1254". Journal of High Resolution 
Chromatography 1999, 22, 533-540. 
 
(160) U.S. EPA Workshop Report on Toxicity Equivalency Factors for Polychlorinated 
Biphenyl Congeners; U.S. Environmental Protection Agency, Risk Assessment 
Forum, EPA/625/3-91/020: Washington, DC, 1991. 71. 
 
(161) U.S. EPA Workshop Report on the Application of 2,3,7,8-TCDD Toxicity 
Equivalence Factors to Fish and Wildlife; U.S. Environmental Protection Agency, 
Risk Assessment Forum, EPA/630/R-01/002: Washington, DC, 2001. 159. 
 
(162) Frame, G. M. GC Elution Order, Design and Employment of 9 PCB Congener 
Mixtures for Conducting Comprehensive, Quantitative Congener-Specific (QCS) 
PCB Analyses. In Physical, Spectral, and Chromatographic Properties of all 209 
Individual PCB Congeners & Related Compounds (PCN, PBB & PBDE); 
AccuStandard, Inc.: New Haven, CT, 2004; pp 20-34. 
 
(163) Larsen, B.; Bowadt, S.; Tilio, R. Congener Specific Analysis of 140 
Chlorobiphenyls in Technical Mixtures on Five Narrow-bore GC Columns. Int. J. 
Environ. Anal. Chem. 1992, 47, 47-68. 
 
(164) Lulek, J.; Opielewicz, M.; Szyrwinska, K.; Milanowski, B. Application of a 
Retention Database to the Identification of Individual Polychlorinated Biphenyl 
 327
 Congeners in Aroclors Mixture Using Selected Polychlorinated Biphenyls as a 
Reference Series. Analytica Chimica Acta 2005, 540, 25-31. 
 
(165) Schulz, D. E.; Petrick, G.; Duinker, J. C. Complete Characterization of 
Polychlorinated Biphenyl Congeners in Commercial Aroclor and Clophen 
Mixtures by Multidimensional Gas Chromatography-electron Capture Detection. 
Environ. Sci. Technol. 1989, 23, 852-859. 
 
(166) DiPinto, L. M.; Coull, B. C.; Chandler, G. T. Lethal and Sublethal Effects of a 
Sediment-associated PCB Aroclor 1254 on a Meiobethic Copepod. Environ. 
Toxicol. Chem. 1993, 12, 1909-1918. 
 
(167) Lin, Y.-J.; Liu, H.-C.; Hseu, Z.-Y.; Wu, W.-J. Study of Transportation and 
Distribution of PCBs Using an Ecologically Simulated Growth Chamber. 
Chemosphere 2006, 64, 565-573. 
 
(168) Ko, F.-C.; Baker, J. E. Seasonal and Annual Loads of Hydrophobic Organic 
Contaminants from the Susquehanna River Basin to the Chesapeake Bay. Marine 
Pollution Bulletin 2004, 48, 840-851. 
 
(169) Zhou, H. Y.; Wong, M. H. Accumulation of Sediment-sorbed PCBs in Tilapia. 
Water Research 2000, 34, 2905-2914. 
 
(170) Moon, J. Y.; Kim, Y. B.; Lee, S. I.; Song, H.; Choi, K.; Jeong, G. H. Distribution 
Characteristics of Polychlorinated Biphenyls in Crucian Carp (Carassius auratus) 
from Major Rivers in Korea. Chemosphere 2006, 62, 430-439. 
 
(171) Rubinstein, N. I.; Gilliam, W. T.; Gregory, N. R. Dietary Accumulation of PCBs 
from a Contaminated Sediment Source by a Demersal Fish (Leiostomus 
xanthurus). Aquatic Toxicology 1984, 5, 331-342. 
 
(172) Frame, G. M.; Cochran, J. W.; Bøwadt, S. S. Complete PCB Congener 
Distributions for 17 Aroclor Mixtures Determined by 3 HRGC Systems 
Optimized for Comprehensive, Quantitative, Congener-specific Analysis. Journal 
of High Resolution Chromatography 1996, 19, 657-668. 
 
(173) Impellitteri, C. A.; Saxe, J. K.; Cochran, M.; Janssen, G. M. C. M.; Allen, H. E. 
Predicting The Bioavailability of Copper and Zinc in Soils: Modeling the 
Partitioning of Potentially Bioavailable Copper and Zinc from Soil Solid to Soil 
Solution. Environmental Toxicology and Chemistry 2003, 22, 1380-1386. 
 
(174) Bergman, H. L.; Dorward-King, E. J.; Allen, H. E.; Toro, D. D.; Erickson, R. J.; 
Mattice, J. S.; Reiley, M. C. Chapter 2: Introduction. In Reassessment of Metals 
Criteria for Aquatic Life Protection; Bergman, H. L., Dorward-King, E. J., Eds.; 
Society of Environmental Toxicology and Chemistry (SETAC): Pensacola, FL, 
1997; pp 7-10. 
 328
  
(175) Pendergast, J. F.; Ausley, L. W.; Bro-Rassmussen, F.; Cappel, C. R.; Delos, C. 
G.; Dorward-King, E. J.; Ethier, G.; Hansen, D. J.; LeBlanc, N. E.; Lee, C. M.; 
Viteri Jr., A. Chapter 3: Regulatory Practice for Metals. In Reassessment of 
Metals Criteria for Aquatic Life Protection; Bergman, H. L., Dorward-King, E. J., 
Eds.; Society of Environmental Toxicology and Chemistry (SETAC): Pensacola, 
FL, 1997; pp 13-28. 
 
(176) U.S. EPA. Draft Strategy: Proposed Revisions to the “Guidelines for Deriving 
Numerical National Water Quality Criteria for the Protection of Aquatic 
Organisms and Their Uses”. EPA, U. S., Ed. 
http://www.epa.gov/waterscience/criteria/alcg_sab_draft.pdf  2007. 
 
(177) National Academy of Sciences and National Academy of Engineering. Water 
Quality Criteria 1972. EPA R3-73-033. U.S. Environmental Protection Agency, 
Washington, DC, 1972. 
 
(178) U.S. EPA. Sediment Criteria Sediment Region 8 Tribal NPS Workshop. 
http://www.epa.gov/owow/nps/tribal/pdf/r8sedimentcriteria.pdf  2006. 
 
(179) Pacheco, M. A. W.; McIntyre, D. O.; Linton, T. K. Integrating Chemical and 
Biological Criteria. Environ. Toxicol. Chem. 2005, 24, 2983-2991. 
 
(180) Pollard, A. I.; Yuan, L. Community Response Patterns: Evaluating Benthic 
Invertebrate Composition In Metal-Polluted Streams. Ecological Applications 
2006, 16, 645-655. 
 
(181) Velleux, M. L.; Julien, P. Y.; Rojas-Sanchez, R.; Clements, W. H.; J.F. England 
Jr. Simulation of Metals Transport and Toxicity at a Mine-impacted Watershed: 
California Gulch, Colorado. Environ. Sci. Technol 2006, 40, 6996-7004. 
 
(182) Robson, M.; Spence, K.; Beech, L. Stream Quality in a Small Urbanised 
Catchment. Science of The Total Environment 2006, 357, 194-207. 
 
(183) Di Toro, D. M.; Allen, H. E.; Bergman, H. L.; Meyer, J. S.; Paquin, P. R.; 
Santore, R. C. Biotic Ligand Model Of The Acute Toxicity Of Metals. 1. 
Technical Basis. Environmental Toxicology and Chemistry 2001, 20, 2383-2396. 
 
(184) Hassler, C. S.; Wilkinson, K. J. Failure of The Biotic Ligand and Free-Ion 
Activity Models to Explain Zinc Bioaccumulation by Chlorella kesslerii. 
Environmental Toxicology and Chemistry 2003, 22, 620-626. 
 
(185) Paquin, P. R.; Gorsuch, J. W.; Apte, S.; Batley, G. E.; Bowles, K. C.; Campbell, 
P. G. C.; Delos, C. G.; Di Toro, D. M.; Dwyer, R. L.; Galvez, F. The biotic ligand 
model: A historical overview. Comparative Biochemistry and Physiology Part C: 
Toxicology & Pharmacology 2002, 133, 3-35. 
 329
  330
 
(186) Santore, R.; Paquin, P.; Di Toro, D. M.; Wu, K. B. In HydroQual, Inc. 
Environmental Perspectives, 2001; Vol. 6, p 7. 
 
(187) Tipping, E. WHAM - A chemical equilibrium model and computer code for 
waters, sediments, and soils incorporating a discrete site/electrostatic model of 
ion-binding by humic substances. Comput. Geosci. 1994, 20, 973-1023. 
 
(188) Yeardley Jr., R. B. Fish Tissue Contaminants Indicator; U.S. Environmental 
Protection Agency, Office of Research and Development, Cincinnati, OH, 1994. 
7-1-7-9. 
 
 
 
  331
VITA 
David John Price 
 
Date and Place of Birth: November 22, 1962; Ponce, Puerto Rico 
 
Education: 
 
1980-1984: New Mexico Institute of Mining and Technology, Socorro, NM 
  B.S. Biology, concentration in Environmental Science, May 1984 
 
1984-1986: Texas Tech University, Lubbock, TX 
  M.S. Wildlife Science, August 1986 
 
Professional Positions: 
 
April 1987-Present Research Associate Department of Biology, University of 
Kentucky, Lexington, KY. 
 
March 1987-April 1987 Part-time mathematics teacher, Academia Cristo Rey High 
School, Ponce, P.R. 
 
May 1984-August 1986 Research Assistant, Department of Range and Wildlife 
Management, Texas Tech University, Lubbock, TX. 
 
August 1982-May 1984 Research Technician, Department of Biology, New Mexico 
Institute of Mining and Technology, Socorro, NM. 
 
Scholastic and Professional Honors/Achievements:  
 
Second Place Student Research Presentation, Frank Brooks Award, Regional Tri-Beta 
Biological Society Meeting, Gunnison, CO, 1984. 
 
President, Tri-Beta Biological Society, Epsilon Chi Chapter, 1984. 
 
Publications: 
 
Price, D.J., B.R. Murphy, and L.M. Smith. 1984. Effects of the herbicide tebuthiuron on 
algal communities in playa lakes of the Southern High Plains. Research Highlights, Noxious 
Brush and Weed Control, Range and, Texas Tech University, 15:52. 
 
Price, D.J., B.R. Murphy, and L.M. Smith. 1985. Effects of the herbicide tebuthiuron on 
algal communities in playa lakes of the Southern High Plains. Research Highlights, 
Noxious Brush and Weed Control, Range and Wildlife Management Department, Texas 
Tech University, 16:33-34. 
  332
Publications: 
 
Temple, A.J., D.J. Price, and B.R. Murphy. 1985. An improved method for sectioning 
otolith of large fish. North American Journal of Fisheries Management 5:612. 
 
Price, D.J., B.R. Murphy, and L.M. Smith. 1987. Effects of tebuthiuron on characteristic 
algae found in playa lakes. Journal of Environmental Quality 18:62-66. 
 
Birge, W.J., J.A. Black, D.M. Bruser, D.J. Price, T.M. Short, E.M. Silberhorn, and J.A. 
Zuiderveen. 1988. Occurrence, transport and fate of contaminants in Kentucky freshwater 
systems - Green River drainage. Final Report (MA-7021), Submitted to the Cabinet for 
Natural Resources and Environmental Protection, Frankfort, KY. 116 pp. 
 
Birge, W.J., D.J. Price, D.P. Keogh, J.A. Zuiderveen, and M.D. Kercher. 1992. Biological 
monitoring program for the Paducah Gaseous Diffusion Plant. Annual Report for study 
period October 1990 through March 1992, Submitted to L. Kszos, Oak Ridge National 
Laboratory, Oak Ridge, TN. 174 pp. 
 
Birge, W.J., E.M. Silberhorn, M.D. Kercher, and D.J. Price.  1992.  Additive model for 
determining criterion-based standards for regulating mixtures of metals in freshwater 
systems. In: Surface Water Quality and Ecology Symposia Proceedings, 7: 65-74, AC92-
020-002. Water Environment Federation, Alexandria, VA. 
 
Birge, W.J. and D.J. Price. 1993. Biomonitoring study of polychlorinated biphenyl 
compounds (PCBs) in the Drakes Creek drainage system, Franklin, Kentucky. Final Report, 
Submitted to the Kendall Company, Polyken Technologies Division, Franklin, KY. 38 pp. 
 
Birge, W.J. and D.J. Price. 1994. A reevaluation of PCB contamination in the Mud River 
system. Final Report. 41 pp. 
 
Birge, W.J., J.R. Shaw, D.J. Price, and J.A. Zuiderveen. 1996. Persistence, bioaccumulation 
and toxicity of silver in freshwater systems. Proceedings of the Fourth International 
Argentum Conference - Transport, Fate, and Effects of Silver in the Environment. Madison, 
WI, August 25-28.  
 
Price, D.J. and W.J. Birge. 1999. Aquatic sediment pre-extraction preparations and the 
effects on Aroclor 1248 concentrations. Environmental Science & Technology 33(7): 1137-
1140. 
 
Birge, W.J. and D.J. Price. 2000. Assessment and modeling of stream mitigation procedures. 
Project No. KYSPR-9-193. Submitted to the Kentucky Transportation Center, University of 
Kentucky. January 7, 2000. 
 
  333
Publications: 
 
Birge, W.J., D.J. Price, J.R. Shaw, J.A. Spromberg, A.J. Wigginton, and C. Hogstrand. 
2000. Metal body burden and biological sensors as ecological indicators.  Environmental 
Toxicology and Chemistry 19(4):1199-1212. 
 
H.-J. Lehmler, D.J. Price, W.J. Birge, A.W. Garrison, L.W. Robertson. 2003. Distribution 
of PCB 84 enantiomers in C57BL/6 mice (F-22-145_PCB). Parlar Scientific Publications. 
Fresenius Environmental Bulletin 12(2):254-260.  
 
Birge, W.J., D.J. Price, J.R. Shaw, J.A. Spromberg, A.J. Wigginton, and C. Hogstrand. 
2003. Metal body burden and biological sensors as ecological indicators. In Silver: 
Environmental Transport, Fate, Effects, and Models. Papers from Environmental 
Toxicology and Chemistry, 1983 to 2002. J.W. Gorsuch, J.R. Kramer, and T.W. LaPoint, 
eds. Society of Environmental Toxicology and Chemistry Press, Pensacola, FL. Pp. 441-
454. 
 
Westerman, A.G., A.J. Wigginton, D.J. Price, G. Linder, and W.J. Birge. 2003. Integrating 
amphibians into ecological risk assessment strategies. In Amphibian Decline: An Integrated 
Analysis of Multiple Stressor Effects. G. Linder, S.K. Krest, and D.W. Sparling, eds. 
Society of Environmental Toxicology and Chemistry Press, Pensacola, FL. Pp. 283-325. 
 
Price, D.J., M.G. Beiting, and W.J. Birge. 2003. Portable Floating Electrofishing Unit for 
Fish Collections in Freshwater Stream Systems. North American Journal of Fisheries 
Management 23:974-977. 
 
Brammell, B.F., D.J. Price, W.J. Birge, A.A. Elskus. 2004. Apparent lack of CYP1A 
response to high PCB body burdens in fish from a chronically contaminated PCB site. 
Marine Environmental Research 58:251-255.  
 
Price, D.J., and W.J. Birge. 2005. Effectiveness of stream restoration following highway 
reconstruction projects on two freshwater streams in Kentucky. Ecological Engineering 
25(1):73-84. 
 
Price, D.J., and W.J. Birge. 2006. Use of sunfish and stoneroller minnows as real-time in-
situ biomonitors of PCB contamination in freshwater streams. Environmental Science & 
Technology 40:4388-4393. 
 
Sofyan, A., G. Rosita, D.J. Price, and W.J. Birge. 2007. Cadmium uptake by Ceriodaphnia 
dubia from different exposures: Relevance to body burden and toxicity. Environmental 
Toxicology and Chemistry 26(3):420-477. 
 
  334
Publications: 
 
Lynn, S.G., D.J. Price, W.J. Birge and S.S. Kilham. 2007. Effect of nutrient availability on 
the uptake of PCB congener 2,2',6,6'-tetrachlorobiphenyl by a diatom (Stephanodiscus 
minutulus) and transfer to a zooplankton (Daphnia pulicaria). Aquatic Toxicology  83:24-
32. 
 
Sofyan, A., D.J. Price, and W.J. Birge. 2007. Effects of aqueous, dietary, and combined 
exposures of cadmium to Ceriodaphnia dubia. Science of the Total Environment 385:108-
116. 
 
